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"The world system is simply not ample enough nor generous enough to accommodate 
much longer such egocentric and conflictive behavior by its inhabitants. The closer 
we come to the material limits to the planet, the more difficult this problem will be to 
tackle." 




"Perquè jo, Sinuhè, sóc un home, i com a tal he viscut en tots els qui m'han precedit i 
viuré en tots els que em succeiran. Viure en els somriures i les llàgrimes dels homes, 
en els seus pesars i en els seus temors, en la seva bondat i la seva maldat, en llur 
debilitat i llur força. Com a home, viuré eternament en l'home i per aquesta raó no 
necessito ofrenes sobre la meva tomba ni immortalitat pel meu nom." 
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Semi-arid environments are zones where annual precipitation is less than a half 
of annual potential evapotranspiration, yet water availability is high enough to 
allow tree growth. Climate change is expected to have a major impact on forests 
growing at those regions. Rising atmospheric [CO2] (Ca) is expected to increase 
forest productivity. However, this fertilizing effect may be partially offset by an 
increase in water stress, either by reductions in water availability or by increases 
in atmospheric evaporative demand. Additionally, species-specific responses to 
climate change may further promote invasive tree species expansion.  
GOTILWA+ process-based model was used to project the performance of sub-
humid forests growing in semi-arid conditions under climate change. However, a 
carpenter is just as good as the least sharpened of his tools. So, firstly it was 
developed and tested the RheaG Weather Generator Algorithm, a first-order 
Markov transition matrix-based WGA, in order to assure the ability to generate 
statistically robust meteorological time-series. Then, Bayesian inverse modeling 
was applied in order to calibrate GOTILWA+ model from “in situ” observations 
from two different forest stands, both occupied by water-demanding tree 
species growing surrounded by semi-arid conditions. 
Firstly, combined effects of increased vapor pressure deficit (D), increased Ca 
and decreased water availability in an S.W. Australian Eucalyptus salinga Sm. 
plantation were evaluated. Increasing Ca up to 700 ppm alone was projected to 
increase E. saligna productivity up to a 33%, and forest carbon stock up to a 
~60%. However, combined reductions in water availability and D increases 
offset part of this fertilizing effect, down to 13% and 35%, respectively. 
Furthermore, limitations on forest productivity due to D increases were 
projected to occur in a magnitude similar than productivity reductions due to 
reduced soil water availability. 
Afterwards, in a N.E. Iberian Mediterranean riparian forest where black locust 
(Robinia pseudoacacia L.) is outcompeting three autochthonous deciduous tree 
species, sap flow observations were used to calibrate GOTILWA+ model for 
black locust and European Ash tree (Fraxinus excelsior L.). Field observations 
suggested that black locust success was explained by its facultative 
phreatophytic behavior, as well as an increased water use efficiency in stem 
growth, when compared with co-occurring autochthonous tree species. 
GOTILWA+ projections, including regionalized climate change scenarios, 
suggested that under global warming black locust productivity and growth 
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would be further enhanced than its native counterpart, the European ash. The 
reasons are an increase on daily productivity as Ca increases, and an 
enlargement of its vegetative period as temperature rises.  
As conclusions, the invasive black locust growth performance is expected to be 
favored by global warming in Mediterranean riparian forests. On the other hand, 
E. saligna responses to climate change will strongly depend on the balance 
between the beneficial effects of increasing Ca and physiological limitations due 
to water stress increase. At stand level, results highlight the importance of 
accounting for the water available for the trees at the whole soil column, and not 
only at the superficial soil layers, a challenging issue that is often not resolved in 
simulation models. Moreover, results also highlight that properly accounting for 
vapor pressure deficit changes is of a major importance when projecting forest 
responses to climate change, as it will strongly determine stand changes in 
productivity and water use efficiency. This thesis also highlights the importance 
of training simulation models from field observations, not only to describe 
ecophysiological processes, but also to obtain the most likely set of parameters 







Motivation of the thesis: 
The development, testing and improvement of process-based simulation models 
(PBM's) are required in order to study forest responses to transient 
environmental conditions, and in a time-frame that not requires decades of "in 
situ" measurements of forest development, which would make anticipation 
impossible. On the other hand, the implementation of new model 
parameterization techniques, based on iteratively integrating recent 
observations into model parameters in order to both reduce parameter 
uncertainty and to include the heterogeneity of observations in model 
parameters, is likely the most appealing challenge in 21th century's forest 
modeling discipline. Properly accounting for the uncertainties in model 
projections is crucial to improve our understanding of forest systems, as well as 
to indentify weaknesses in PBM's process descriptions, which is extremely 
helpful when designing experiments to fulfill gaps in our scientific knowledge. 
Ongoing climate change will have a major impact on forest performance 
worldwide. Particularly, sub-humid forests growing in semi-arid environments 
are highly sensitive to changes in climate conditions. The water-demanding tree 
species that conform this particular ecosystems are projected to be deeply 
impacted by aridity increases. Furthermore, climate change may coordinate with 
other anthropogenic-origin disturbances, such as intensive management 
practices or deliberate allochthonous tree species introduction for wood 
extraction, to allow invasive tree species to establish and proliferate in sub-
humid forests, where they are already outcompeting autochthonous vegetation. 
One of such ecosystems are the Mediterranean riparian forests. They behave as 
vegetation shelters for relic populations of boreal-origin tree species such as 
black alder or European ash, growing at the southernmost edge of their 
biogeographical distribution. As such, they are expected to be endangered by 
reductions in water availability and increases in atmospheric evaporative 
demand due to climate change. There, a paradigmatic example of joined human 
and climate-induced invasive tree species facilitation is the allochthonous black 
locust tree (Robinia pseudoacacia L.) establishment and expansion. Introduced 
from the Appalachian mountains during 17th century by the French royal 
gardener Jean Robin, black locust has expanded Europe-wide since then. 
Providing that currently its growth is limited by low temperatures, it is likely that 
under global warming the invasiveness of black locust will be enhanced. 
Another example of sub-humid forests growing in semi-arid conditions are some 
eucalypt plantations. Originative from Australia, fast-growing water-demanding 
eucalypt tree species are being planted worldwide for paper pulp extraction, 
carbon sequestration and biomass production. Sydney blue gum (Eucalyptus 
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saligna Sm.), originative from wet coastal Australian mountains, is one of those 
tree species. Being highly water-demanding, the ability of this tree species to 
develop deep coarse roots to reach the deep soil water reservoirs allows E. 
saligna to grow in semi-arid environments, where unsaturated soil drought and 
atmospheric aridity stresses are recurrent. It is expected that rising atmospheric 
CO2 concentration along 21th century will enhance E. saligna productivity. 
However, ongoing climate change will also increase both soil and atmospheric 
aridity, therefore resulting in impacts on E. saligna carbon and water balances. 
Whether Sydney blue gum productivity would be enhanced by rising CO2 or it 
will be limited by increased aridity next decades is still an open question. 
Therefore, the general objectives of this thesis are: i) to anticipate the 
performance of sub-humid forests under climate change. To reach this objective, 
there is a need of ii) to include a module in GOTILWA+ model to simulate forests 
that have access to underground flow, as well as iii) to develop a Weather 
Generator tool to generate statistically robust meteorological time-series from 
climate change projections. In addition, to project species-specific responses to 
climate change, tree species must be parameterized. So, iv) by using Bayesian 
model inversion, GOTILWA+ will be parameterized from field observations. 
Those observations will be iv) field measurements of photosynthesis, growth and 
water use, for tree species growing in semi-humid stands that are expected to 
become more arid in the near future. 
In order to accomplish these general objectives, the main body of this PhD thesis 
is divided in the following 6 chapters, with specific objectives detailed below: 
Chapter 1: Theoretical Background: Mediterranean Forests as an Example of 
Climate Change Impacts on Forest Ecophysiology in Semi-Arid Regions. 
Mediterranean forests are a particular ecosystem, adapted to recurrent drought 
and fire disturbances. In addition, human society has modified Mediterranean 
forests composition and distribution during last millennia. Therefore, human 
society and Mediterranean forests have developed a tight co-dependence. 
Aridity is expected to increase in the Mediterranean region during 21th century, 
thus augmenting drought stress and forest fire recurrence. This fact may 
endanger the goods and services that Mediterranean forests offer to society. 
This chapter aims to review the state-of-the-art of the research in the 
ecophysiology of Mediterranean forests, the expected impacts of climate change 
upon them, and the management options available to mitigate its negative 
impacts. This chapter is therefore included as the theoretical background about 
forest ecophysiological processes, and how climate change is expected to impact 
them next decades, as well as a general introduction for the more specific 
questions raised in the other chapters.  
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Chapter 2: The GOTILWA+ Model. Process Description and Recent Applications. 
GOTILWA+ model is a process-based forest simulation model that simulates 
hourly carbon and water fluxes in a mono-specific forest stand. It allows to 
simulate forest growth under transient climate conditions, as well as under 
different management regimes. In the present thesis, GOTILWA+ has been used 
to simulate Robinia pseudoacacia L., Fraxinus excelsior L. and Eucalyptus saligna 
Sm. forests under different climate drivers. In this chapter, the main processes of 
GOTILWA+ model are described and discussed. In addition, at the end of the 
chapter three GOTILWA+ model application examples are also provided, in 
order to exemplify: i) the sensitivity of GOTILWA+ outputs to effective soil 
volume; ii) the main ecophysiological outputs of the model; and iii) the use of 
GOTILWA+ model to evaluate forest management practices under future 
climate conditions. 
Chapter 3: Make it Rain! The RheaG Weather Generator Algorithm. 
Robust meteorological time-series are a key element in order to simulate forest 
behavior. Although most of future climate projections are provided in a monthly 
basis, forest simulation models may operate at time-scales shorter than a month, 
with processes being calculated at a daily or even an hourly basis. In addition, 
often meteorological data for an specific forest stand is not available, or it 
contains large gaps that can't be filled by direct interpolation with nearby 
stations. So, Weather Generator Algorithms (WGA) that provide robust daily 
meteorological time-series from recorded climate or from model projections are 
fundamental for forest modeling. In this chapter, the first order Markovian 
matrix state transition-based RheaG WGA is described. The ability of RheaG in 
reproducing the statistical properties of four measured Iberian meteorological 
time-series under contrasting climate conditions is evaluated. Additionally, the 
two procedures of weather generation included in RheaG - i.e. with and without 
monthly temporal correlation- are compared. 
Chapter 4: Increased Vapor Pressure Deficit and Reduced Water Availability 
Constrain CO2 Fertilizing Effect on Eucalyptus saligna. 
Forest responses to climate change will be driven by a multiplicity of 
environmental factors, most of them co-occurring and with opposite effects on 
forest ecophysiology. Sydney blue gum (Eucalyptus saligna Sm.) is a particular 
eucalypt tree species. Although being highly water-demanding and highly 
responsive to reductions in water availability, it is able to grow in semi-arid 
conditions due to its ability to reach deep soil water reservoirs. In this chapter 
GOTILWA+ model is calibrated from field E. saligna photosynthesis and growth 
measurements by inverse Bayesian calibration. Then, parameterized model is 
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validated in an exhaustive five-step validation procedure, from instantaneous 
gas exchange to stand growth. Afterwards, GOTILWA+ model is used to project 
E. saligna responses to different environmental drivers, both alone and in 
combination. Hypothesized fertilizing effect of rising CO2 on forest growth is 
tested. Also, imposed limitations on forest growth due to decreases in water 
availability and increased vapor pressure deficit are quantified. 
Chapter 5: A Successful Invasion: Black Locust Outperforms Autochthonous 
Vegetation in a Mixed Mediterranean Riparian Forest. 
Mixed Mediterranean riparian forests are a particular kind of ecosystem in which 
drought-intolerant water-demanding deciduous tree species co-occur. There, 
water is less limiting for tree performance than in surrounding semi-arid 
conditions. However, even in this water-enriched environment inter-specific 
differences in water management strategies are found. In addition, the 
accidental or deliberate introduction of the invasive black locust (Robinia 
pseudoacacia L.) tree species is modifying water, carbon and nutrient cycling 
dynamics in Mediterranean riparian forests. In this chapter specific growth and 
transpiration patterns are analyzed for four tree species -i.e. Alnus glutinosa 
(Gartn.); Fraxinus excelsior L.; Populus nigra L.; and Robinia pseudoacacia L.- co-
occurring in a Mediterranean riparian forest. In addition, the success of black 
locust invading this particular stand is assessed through water use efficiency 
comparison, as well as to black locust's responsiveness to decreases in soil water 
availability. 
Chapter 6: Global Warming Likely to Enhance Black Locust (Robinia pseudoacacia 
L.) Growth in a Mediterranean Riparian Forest. 
Black locust (Robinia pseudoacacia L.) expansion through Europe is currently 
limited by low temperatures. On the other hand, European ash is growing at the 
southernmost edge of its European distribution in Iberian Mediterranean riparian 
forests. Furthermore, they their water uptake strategy is different, with 
European ash being strictly non-phreatophytic and highly responsive to soil 
water content reductions, and black locust being facultative-phreatophytic with 
no apparent responses to soil water content reductions in the Mediterranean 
riparian forest analyzed in Chapter 5. Such differences will likely translate in 
different responses to global warming. In this chapter, after an inverse Bayesian 
calibration of GOTILWA+ model for both tree species, the response of black 
locust and European ash to different regionalized climate change scenarios is 
modeled. Then, individual tree species' performance under global warming is 
evaluated in terms of growth and water use. Also, the hypothesis of black locust 
growth being enhanced by global warming is tested, and the possible 
mechanisms for that to happen are discussed. 
CHAPTER 1:
Theoretical Background:
Mediterranean Forests as an Example of Climate Change
Impacts on Forest Ecophysiology in Semi-Arid Regions 
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"Projected climate change impacts on Mediterranean forests. 
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"Those who fail to see that population growth and climate change 
are two sides of the same coin are either ignorant or hiding from the truth. 
These two huge environmental problems are inseparable, and to discuss one 
while ignoring the other is irrational." 
 




"Veient tanta maldat, 
alzines, roures, pins, 
arrencaren del sòl  
les convulses arrels. 
I escalant, plens d’horror  
el cim de la muntanya 
van juntar-se allà dalt  
com poble fort i lliure." 
Liliana, Apeles Mestres 
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Abstract: 
Most of Mediterranean forests are adapted to the periodic drought stress 
inherent to the Mediterranean region. Likewise, their current structure, 
distribution and species composition is the result from a tight interaction 
between climate and anthropic pressures during last millennia. It has led to a 
strong codependence between forests and society. Ongoing climate change is 
projected to increase aridity in Mediterranean region, thus further increasing 
drought stress upon Mediterranean forests and compromising their structure 
and functionality. Therefore, goods and services that Mediterranean forests 
provide to society may be endangered in the near future.  
Here, we review the current knowledge about forest ecophysiological 
processes that are expected to be altered by climate change, in order to 
anticipate its likely negative impacts. Our analysis starts from the very basic 
biochemical and biophysical processes, and ranges to the hole-tree functional 
and morphological traits, in order to analyze the impacts of climate change at 
different integrative levels. Using the semi-arid Mediterranean forests as an 
example of the impacts of climate change upon sub-humid forest ecophysiology 
makes sense because their climate is expected to be increasingly similar to 
surrounding semi-arid areas in the future. Therefore, the ecophysiological 
responses of sub-humid forests growing in semi-arid environments to global 
warming are projected to be increasingly similar to the ones of current 
Mediterranean forests as aridity increases. 
Finally, we analyze how adaptive forest management can minimize projected 
negative climate change impacts in Mediterranean forests, while maintaining: a) 
forest ecological functionality, b) forest goods and services provision to society, 
and c) the economical self-sustainability for the management of the low 
productive Mediterranean forests. 
 
 
Key words: Climate change; forest ecophysiology; forest management; 
Mediterranean forests. 
  





Chapter 1 | Mediterranean forests as example of forest ecophysiology in semi-arid environments 
31 
1.1 The Earth: A dynamic system under human pressure. 
Earth is a dynamic system in an permanent unstable equilibrium driven by the 
huge energy input from the Sun. As such, the way in which this incoming energy 
is dissipated across the globe (i.e. the climate) has changed along the ages 
according to external energy inputs and internal biogeochemical processes (e.g. 
Eyles, 1993; Petit et al., 1999; Nicault et al., 2008; Lourantou et al., 2010; 
Snyder, 2016). Current climate circumstances are not unique in Earth's history. 
For example, during Middle Cretaceous (~100 My ago) atmospheric CO2 
concentration (1130 ppm) was more than two and a half times higher than 
present-day values (410 ppm) (Fletcher et al., 2008). Then, mean temperature 
was globally 7-15 ºC higher than preindustrial conditions (Upchurch et al., 2015). 
Similarly, during Mid-Pliocene era (~3 My ago), atmospheric CO2 concentration 
ranged between 350-450 ppm. Models estimate that global land surface 
temperature was then 2.7-4.0 ºC higher than preindustrial records (Haywood et 
al., 2013; 2016).  
Since 1850, human activities (i.e. fossil fuel emissions and land use changes) 
have released 555 GtC to the atmosphere, thus increasing atmospheric CO2 
concentrations by a 40%, from 290 ppm up to 415 ppm. This resulted in an 
overall anomaly in temperature of 0.72-0.85 ºC due to anthropogenic forcing, 
related to the reference 1851-1900 period (IPCC, 2013). Even more, it is 
expected that human society will continue emitting greenhouse effect gases 
(GEG) during 21th century under the continuous growth economic paradigm. 
From an optimistic GEG emission scenario (RCP 2.6) to a pessimistic one (RCP 
8.5), overall temperature anomaly at the end of the 21th century compared to 
1986-2005 values will range from 0.3 to 4.8 ºC. Furthermore, a recent Earth's 
energy budged analysis revealed that the pessimistic estimation might be 
conservative, with extreme values of global warming reaching up to 6 ºC by the 
end of this century (Brown and Caldeira, 2017). This global warming will likely or 
very likely - sensu IPCC (2013) - lead to rises in sea level, loses of fertile 
agricultural terrain, reductions in overall glacial volume, increases in heath waves 
periodicity and intensity, increases in extreme precipitation events recurrence 
and decreases in annual precipitation in mid-latitude regions such as the 
Mediterranean. 
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Figure 1.1. 1950-2018 recorded and 2019-2100 projected world population (in Billions 
[Thousands of millions inhabitants]), and 1959-2018 recorded CO2 concentrations in Mauna 
Loa (in ppm), as well as the four RCP's atmospheric CO2 concentration projections from the 
IPCC, (2013). World population projections are given as a yearly median of projections ± 
95% CI. It is worth mentioning the strong positive significant correlation between observed 
atmospheric CO2 and worldwide population (linear least squares analysis after a log-log 
transformation: F = 1.04, n = 58, R2 = 0.99). Figure elaborated with data from United 
Nations, Department of Economic and Social Affairs, Population Division, (2017); from Dr. 
Pieter Tans, NOAA/ESRL (www.esrl.noaa.gov/gmd/ccgg/trends/) and Dr. Ralph Keeling, 
Scripps Institution of Oceanography (scrippsco2.ucsd.edu/); and from IPCC (2013). 
 
In addition to climate change, increases in human population and exploitation 
of Earth's resources have augmented exponentially during 20th and 21th 
centuries, and they are projected to continue increasing during 21th century 
(CGM and Battes, 1997; Steffen et al., 2006; Goudie, 2018, Figure 1.1). Hence, 
human society has already altered, is still altering, and is projected to continue 
altering Earth's energetic and biogeochemical cycles at an unprecedented paste 
(Meadows et al., 1972; Levitus et al., 2001; Goudie, 2018). Furthermore, it is 
projected to be the main worldwide ecosystem forcing driver along 21th 
century. 
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1.2 Mediterranean-type climate. Where olive trees grow 
Although Mediterranean-type climate is mainly found in the surroundings of 
the Mediterranean Sea, between the 30º and 40º latitude, similar climate 
patterns are also present in other locations around the world, such as in Chile, 
California, South Africa and South-Western Australia, usually in the south or 
west sides of the continents and within the same latitude ranges (Aschmann, 
1973). Despite here we specifically address to sub-humid and semi-arid forests 
located within the South-Western European Mediterranean-type climate (Figure 
1.2), hereafter referred as SWEmed-climate, discussion may be extrapolated to 
comparable semi-arid climate regions across the globe. 
 
Figure 1.2.  Mediterranean-type climates distribution across the globe. Red box indicates the 
Mediterranean region. Adapted from Bonada and Resh, (2013). 
SWEmed-climate is characterized by mild winters and warm to hot and dry 
summers (Lionello et al., 2006, Vicente-Serrano, 2006). In addition, precipitation 
presents a highly seasonal pattern, with most it occurring during early spring and 
late autumn (Deitch et al., 2017). This implies that during summer, when 
temperatures and atmospheric evaporative demand are maximum, there is low 
water availability (Figure 1.3). So, all Mediterranean terrestrial ecosystems are 
adapted to face some degree of recurrent summer drought stress, from rivers 
(e.g. Otero et al., 2011; Bonada and Resh., 2013; Resh et al., 2013), to forests 
(e.g. Lloret  et al., 2004; Palahí et al., 2008; Linares et al., 2010; David et al., 
2016; Peñuelas et al., 2017).  
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Figure 1.3.  Example of SWEmed-climate climogram, with maximum mean temperatures 
(Mean T, ºC) reached during summer and maximum monthly precipitation values (P 
mm·month-1) observed during spring and late-autumn. Data from La Font del Regàs 
experimental stand (41º 49’ N, 2º 27’ E, 550  m.a.s.l., Catalunya, NE Spain). Adapted from 
Nadal-Sala et al., (2019). 
Accordingly, human society has found a favorable environment to proliferate 
in the Mediterranean area during the Holocene period, from ~10 ky BP to 
present (Abulafia, 2011; Roberts et al., 2011; Bonada and Resh, 2013; Berger et 
al., 2016). Annual mild temperatures, as well as liquid water available make 
Mediterranean region, according to Aristotle (384–322 BC), "the only place on 
Earth suitable for civilized life". Now we know that Aristotle was wrong. 
Providing that he lived in an smaller world than ours, we can rework his 
affirmation into "climate within Mediterranean area during the Holocene is 
within the climate boundaries that allowed most of human societies to 
proliferate", which I think is closer to reality. However, summer elevated 
temperatures and a swift decrease in soil water availability, coupled to the 
elevated recurrence of extreme climate events such as heath waves, long-lasting 
droughts, forest fires or water floods, have had severe impacts on agriculture 
and human health. Recurrent climate-related disturbances have driven the social 
adaptation of human populations to climate in SWEmed-climate regions, from a 
technical (e.g. Haldon, 1990; Wilson, 1997; Magnusson, 2003; Tal, 2006; 
Koutsoyiannis et al., 2008), agricultural (Ferrio et al., 2005) or even religious 
(Faruqui et al., 2001; Gómez-Baggethun et al., 2012) point of view. Furthermore, 
water management strategies have proven to be the most important factor for 
human society development and persistence in Southern Mediterranean area 
(Shaw, 1984; Abulafia, 2011).  
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1.3 Climate change projections for SWEmed-climate region. When dry turns to drier 
Following human-induced atmospheric increase in Greenhouse Effect Gases 
concentration (GEG, being the CO2 the most iconic of them), in the SWEmed-
climate region aridity is projected to increase along 21th century. Climate 
models project an overall positive anomaly in mean temperatures (Swart, 2008; 
IPCC, 2013; Barrera-Escoda et al., 2014), which has been observed to be swifter 
than global average during last three decades in the Mediterranean basin 
(Lionello et al., 2014).  
 
Figure 1.4. IPCC (2013) projected changes in average surface temperature (a), and in 
average precipitation (b). It is noteworthy that SWEmed-climate region is within the zones 
with higher projected anomalies in temperature and precipitation. 
Additionally, it is also expected a decrease in mean annual precipitation in the 
SWEmed-region (e.g. Trenberth, 2011; Mariotti et al., 2015; Lionello and 
Scarascia, 2018; Figure 1.4) due to an increase in atmospheric water holding 
capacity, under higher air temperatures (Trenberth and Shea, 2005), as well as a 
northward enlargement of northern hemisphere's Hadley cells (Vallis et al., 
2015). Moreover, precipitation seasonality is also expected to be amplified: 
summer rainfall is projected to decrease, while increasing winter's. 
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Likewise, in SWEmed-climate region rain will likely concentrate into less rain 
events of a greater intensity, thus increasing extreme precipitation events 
frequency (Lionello et al., 2006; IPCC, 2013; Serrano-Notivoli et al., 2018, but 
see Pfahl, 2017). Decreasing water inputs, increasing rain seasonality and the 
increase in atmospheric evaporative demand implies that water stress, which is 
currently limiting growth in most of Mediterranean forests, will be exacerbated 
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1.4 Mediterranean forests: a result of the interaction between climate and society 
Since mid-Holocene, increases in human population and society development 
have profoundly altered Mediterranean landscape configuration, thus resulting 
"de facto" in a key ecosystem diversification pressure. Furthermore, human 
society has strongly modified Mediterranean forests current distribution, 
structure and species composition, whether by deforestation, aforestation, 
forest management, tree species replacement, allochthonous tree species 
introduction, urbanization, agriculture, animal breeding and changes in fire 
regimes (e.g. Blondel, 2006; Lionello et al., 2006; Palahí et al., 2008; Azebedo et 
al., 2014; Urbieta et al., 2015; Acácio et al., 2017, Ruffault and Mouillot, 2017; 
Vitková et al., 2017). 
 
Figure 1.5. A) Distribution map for mono-specific forests (>80% basal area for the dominant 
tree species) in mainland Spain for eight differentiated tree species, according to Third 
Spanish National Forest Inventory (IFN3), n= 22151. B) 90% ellipsoid distribution for mono-
specific Spanish forests considering mean temperature (in ºC, abscises axis) and mean annual 
precipitation (in mm·year-1, ordinates axis), during 1971-2010 period. Climate data 
obtained from Ninyerola et al., (2007a,b). 
On the other hand, Mediterranean forest dynamics are strongly determined 
by the differential seasonal aridness of the Mediterranean-type climate, as well 
as the highly diverse topography within the Mediterranean region. Closely linked 
to summer drought stress, the other key stressor for Mediterranean forests are 
the recurrent forest fires (e.g. Pausas, 2004; Palahí et al., 2008; Karavani et al., 
2018a). Therefore, Mediterranean tree species have adapted their physiological, 
structural and population dynamics traits according to those two key 
environmental drivers (i.e. recurrent drought and fire). 
Chapter 1 | Mediterranean forests as example of forest ecophysiology in semi-arid environments 
38 
According to the highly diverse climate and micro-climate conditions, and the 
differential human pressures, Mediterranean region is a hot spot of tree 
diversity, where highly diverse tree life strategies are present. From the 
opportunist, pyrophilic, drought-tolerant, thermopile Pinus halepensis Mill., to the 
deciduous resprouter, drought-intolerant, resistant to freezing, Fagus sylvatica L. 
(Figure 1.5). 
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1.5 Adaptations of Mediterranean tree species to environmental stressors 
Mediterranean species adaptations to recurrent forest fires include reduced 
leaf flammability through a reduction of their surface to volume ratio (Fernandes 
and Rego, 1998), augmenting bark thickness to avoid moderate-intensity fires to 
reach the foliage, as well as to protect cambium, vascular tissues and meristem 
from elevated temperatures (Pausas et al., 2015), or an overinvestment in 
serotinous cones, such as in Pinus halepensis (Santos-del-Blanco et al., 2014), 
capable to maintain the soil seed bank after a severe forest fire, even if the 
mature population have been burnt, with a higher percent of seed germination 
than less-serotinous ones after exposure to high intensity fire-like temperatures 
(e.g. Núñez and Calvo, 2000; Goubitz et al., 2002). Likewise, resprouting has 
proven to be another highly adaptive life-trait during the post-fire regeneration 
(Karavani et al., 2018a). Accordingly, most of Mediterranean woody angiosperms 
present some degree of resprouting capability from belowground biomass after 
a severe disturbance, such as a forest fire.  
On the other hand, Mediterranean tree species have adapted to recurrent 
drought stress by adjusting their structural and ecophysiological traits, from root 
system to leaf structure and function. Acccordingly, different Mediterranean 
tree species present different optimal coarse roots depth depending on the 
magnitude of drought stress to which they are adapted to face, providing that an 
elevated amount of annual photosynthesis must be allocated to the root system 
in order to maintain its functionality (Klein et al., 2011), and that all tree species 
shall deal with the tradeoffs between root carbon allocation, the fact that 
nutrient availability tends to be higher at shallow soil layers, the access to deep 
soil water reservoirs, and the benefits in terms of nutrient and water availability 
as more soil volume is explored by fine roots (Guswa, 2008; 2010). All of that is 
summaryzed by the principle of shallowest rooting depth possible, depending on 
soil nutrient and water availability (Shenk, 2008). Concerning to fine roots depth, 
strategies in Mediterranean tree species range from the opportunistic, which 
rely in a shallow root system, able to quickly mobilize water after rain pulses but 
limited when water in the first layers of the soil are depleted, to the 
conservative, with elevated capacity to mobilize water from the saturated soil 
layers, thus maintaining lower maximum transpiration values while presenting 
reduced drought stress and a longer growth period (Moreno-Gutiérrez et al., 
2012; Tron et al., 2015; Fort et al., 2017; Martínez-Vilalta and Garcia-Forner, 
2017; Cabon et al., 2018). Also, fine root architecture differs according to the 
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soil depth in which they perform. The ones performing within shallow soils are 
thinner, with higher specific root length and root length per soil volume. Those 
fine roots are optimized for a faster water and nutrient uptake velocity. On the 
other hand, the ones performing within deep soils are thicker, and they present 
lower values in specific root length and root length per soil volume. Those roots 
are optimized for a more efficient water transport and higher soil penetration 
capacities (Fort et al., 2016; 2017). Furthermore, some resprouting 
Mediterranean tree species present a lignotuber between shoot and root 
systems. This structure acts as a starch reservoir, and it also contains dormant 
buds. It allows them to quickly asexually regenerate after a severe disturbance 
such as a forest fire (Paula et al., 2016; Pausas et al., 2018). In addition to water 
uptake or resprouting capacities, Mediterranean tree species use their lignotuber 
and root system as a starch reservoir to readjust their carbon balances under 
limited photosynthesis during summer drought (e.g. Galiano et al., 2011, 2012; 
Wiley and Helliker, 2012; Jacquet et al., 2014; Martínez-Vilalta et al., 2016). 
Wood composition, as well as xylem structure, is another key adaptive 
element to drought stress (e.g. Zanne et al., 2010; Maharjan et al., 2011; Li et al., 
2018, but see Gleason et al., 2016). Poorter et al., (2010) identified significant 
tradeoffs between a) hydraulic conductance and hydraulic safety; and b) water 
storage capacity and wood mechanical resistance in a meta-analysis for 43 tree 
species, while Li et al., (2018) describe significant tradeoffs between wood 
hydraulic resistance to drought and tree growth for 12 Australian woody 
species. Additionally, both of them found that tree survival was strongly 
positively correlated to wood density. Accordingly, Martínez-Vilalta et al., (2010) 
observed a negative relationship between wood density and drought-induced 
tree mortality for 44 Mediterranean tree species. Likewise, wood density has 
been described to be positively correlated with resistance to cavitation (e.g. 
Hacke et al., 2001; Maharjan et al., 2011). Furthermore, Martínez-Vilalta et al., 
(2002) found that stem resistance to xylem embolism was positively correlated 
to annual minimum soil water potential for 8 Mediterranean tree species, 
therefore being indicative of an adaptation of wood structure to recurrent 
environmental stressors, while Vilagrosa et al., (2010) found that Mediterranean 
woody plants such as Quercus coccifera and Pistacia lentiscus presented high 
tolerance to xylem tensions, with a 50% loss of xylem conductance only under 
elevated water column tensions, i.e. below the -4 to -6 MPa. 
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Figure 1.6. Measured cumulated BAI (Basal Area Increment, in cm2·year-1) using automatic 
dendrometers for a Fraxinus excelsior individual in the "La Font del Regàs" stand. Four main 
annual trends in BAI are noted. It is noteworthy the summer reduction in BAI, due to both a 
drought-induced stop in radial growth and stem water shrinkage. Adapted from Nadal-Sala 
et al., (2017a). 
Seasonal patterns in wood structure and in cambial differentiation also reflect 
differential adaptations to recurrent summer drought stress (e.g. Vilagrosa et al, 
2010; Martínez-Vilalta et al., 2010). For example, Campelo et al., (2010) found 
that summer drought doesn't stop vessel formation in Quercus ilex L, although it 
strongly reduces individual vessel area, whereas de Luís et al., (2011) found that 
drought stops cambial differentiation in P. halepensis during summer. In addition, 
most of Mediterranean tree species present a bimodal growth pattern (e.g. 
Corcuera et al., 2006; Camarero et al., 2010; de Luís et al., 2011; Figure 1.6). 
From spring to early-summer, fast cambial differentiation due to increasing 
temperature and enlarged photoperiod stimulates the formation of earlywood. 
However, summer drought stress imposes a slow down or even a stop in wood 
formation, according to reduced carbon input and water-limited cambial 
differentiation (Martinez del Castillo et al., 2016). Finally, autumn soil water 
refilling may stimulate a second period of wood formation, the latewood, which 
in general has lower water conductivity due to its thinner lumens and thicker cell 
walls. 
Leaves are the organs in which most of the photosynthesis and transpiration 
processes occur. Differences between atmospheric and leaf water potentials act 
as a water bomb to pump water and dissolved nutrients from soil to the reactive 
loci in the canopy (e.g. Kramer and Boyer, 1995; Horton and Hart, 1998; 
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McDonald et al., 2002; Šimůnek et al., 2009). However, leaf exposure to 
incoming sunlight imply high levels of incident radiation. This incoming radiation 
makes leaves vulnerable to excess of U-V radiation (Jansen et al., 1998), 
although Mediterranean sclerophylles have been found to be well adapted to 
cope with this kind of stress (Guidi et al., 2011). Furthermore, constant energy 
flux can lead to an excess of energy stimulation of photosystems I and II and, 
therefore, to damaging oxygen radicals formation (Pastenes et al., 2004). On the 
other hand, incoming radiation, if not regulated, would translate in constant 
increases in leaf temperature. These increases in temperature would imply from 
reducing carbon assimilation rates due to above-optimal temperatures for 
photosynthetic enzyme activity, to cell membrane and cell processes disruption, 
even leading to tissue mortality. So, trees have developed different strategies to 
dissipate part of this incoming energy and thus maintain leaf temperatures 
within an optimal functional range (e.g. Gates, 1968; Jones, 2013; Wright et al., 
2017). These strategies may include increasing leaf albedo (Gates, 1968), which 
in Mediterranean environments is translated in partial pubescence and increases 
of cuticular waxes in sclerophyllous tree species (e.g. Liakoura et al., 1997; 
Holmes and Keiller, 2002). Additionally, trees may regulate leaf temperature by 
modifying convective heat loses. To that end, leaf adaptations may include 
petiole length elongation, leaf morphological characteristics modification as 
length-to-width ratio, and changes in individual leaf area to increase or decrease 
the thickness of the boundary layer (i.e. larger leaves present thicker boundary 
layers, so their temperature is more decoupled from air temperature compared 
to smaller leaves) (Leigh et al., 2012; Leigh et al., 2017). In addition, most of tree 
species can change their leaf-to-sunlight angles to reduce incoming radiation, 
and thus, to actively regulate their leaf temperature (e.g. Ludlow and Björkman, 
1984; Burriel et al., 1993; Pastenes et al., 2004; Xu et al., 2009). Finally, if water 
is available enough, trees regulate leaf temperature by latent heat loses through 
transpiration (e.g. Gates, 1968; Wright et al., 2017). 
Furthermore, leaves are, together with fine roots, the most dynamic tree 
compartment in temperate forests. Wood compartment endures from decades 
to centuries and it is little to not able to acclimate to fast environmental changes 
(e.g. Lidner et al., 2010; Lamy et al., 2014; Choat et al., 2018). Contrastingly, 
mean leaf life is shorter than a year in deciduous tree species, while in 
Mediterranean evergreen tree species mean leaf life ranges from ~15 months in 
thermopile sclerophylles to ~50 months in sub-alpine conifers (Mediavila et al., 
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2008). Thus, leaves are more prone to acclimate to fast changes in 
environmental conditions than stems due to their higher dynamism (e.g. 
Mencuccini and Grace, 1995; Wright et al., 2005; Niinemets et al., 2009; Nicotra 
et al., 2010; Carnicer et al., 2011; Barbeta et al., 2013). For example, Ogaya and 
Peñuelas (2007) found a strong climate-induced gradient in leaf mass area (LMA, 
g·cm-2) ratio in Q. ilex along Catalunya (SE Spain), with higher LMA in hotter and 
drier plots. Accordingly, Niinemets (2015) described a negative relationship 
between annual precipitation and LMA and leaf surface, when analyzing Q. ilex 
functional traits in a climatic gradient, and Sperlich et al., (2015) found elevated 
summer photosynthetic and respiratory acclimation to drought when analyzing 
the leaves of a Q. ilex stand under 14-years long drought exclusion experiment, 
compared to the control one. On the other hand, several Mediterranean tree 
species present elevated LMA sclerophyllous leaves. Although representing an 
elevated formation and maintenance cost (Escudero et al., 2017), sclerophyllous 
leaves have been related to an increased leaf life span under stress together with 
an enhanced resistance to sudden decreases in leaf water potential (Niinemets 
et al., 2011). They are identified as being adaptive to recurrent drought and 
elevated summer temperatures in the Mediterranean (Bussoti et al., 2014; 
Escudero et al., 2017). Even more, although increased LMA has been observed 
to increase mesophyll resistance to intercellular CO2 diffusion into the 
chloroplast, thus reducing assimilation rates (Sperlich et al., 2015), no limitation 
in assimilation rates compared to species with lower LMA were observed for 
Mediterranean sclerophylles. It has been argued to be related to their higher 
chloroplast surface exposure to intercellular air space (Peguero-Pina et al., 
2017). Finally, leaves in Mediterranean trees act as a pool of fast response non-
structural carbohydrates (NSC), mainly starch, which is able to be quickly 
mobilized to readjust carbon balances when photosynthesis decreases (Duan et 
al., 2018). Interestingly, they have been described to contribute in a similar 
fraction in starch supply than root and lignotuber reservoirs during periods with 
low productivity (Martínez-Vilalta et al., 2016). So, as a result of its fast response 
to environmental changes, NSC concentration in leaves tends to present a 
seasonal behaviour, with maximum concentrations during late-spring to early-
summer, just before leaf starch reserves are mobilized to counterbalance 
recurrent drought-induced reductions in photosynthesis during summer. 
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1.6 Gas exchange at high evaporative demand. Trading carbon for (a lot of) water 
Photosynthesis is the process by which trees obtain organic carbon 
compounds and energy to maintain their tissue functionality and to develop new 
biomass from incoming solar energy and inorganic CO2. In Mediterranean C3 
plants, it occurs inside the thylakoid of leaf chloroplasts during the day. 
According to Farquhar model (Farquhar et al., 1980, Figure 1.7), in absence of 
drought-induced limitation, and for a non-saturated CO2 concentration inside 
the thylakoid (Cc, in ppm), assimilation rate is limited firstly by the maximum 
electron transport rate (i.e. RuBP-limited photosynthesis) (Jmax), at low 
photosynthetic active radiation (PAR) irradiances. At increasing PAR irradiances, 
assimilation rates become limited by the amount, activation state and kinetics of 
the Rubisco enzyme  (Vcmax) (e.g. Keenan et al., 2010b, De Kawe et al., 2016a). 
Moreover, at very high irradiances or at very low leaf temperatures, assimilation 
rates become limited by triose phosphate regeneration velocity in photosystem I 
(TPUmax) (e.g. Sharkey, 1985; Sage, 1990; Sage and Kubien, 2007; Sperlich et 
al., 2014). In addition, both Vcmax, Jmax and TPUmax assimilation rates are leaf 
temperature dependent, with species-specific optimums for each kinetic 
maximum velocity (e.g. Sage, 1990; Leuning, 1997; Dreyer et al., 2001; Medlyn 
et al., 2002; Bernacchi et al., 2003; Kattge and Knorr, 2007; Atkin et al., 2015). 
On the other hand, Vcmax and Jmax are strongly depend on leaf nitrogen and 
phosphor concentrations (e.g. Norby et al., 2010; Walker et al., 2014). They are 
also positively correlated with leaf magnesium concentration, and negatively 
correlated with LMA (e.g. Feng and Dietze, 2013; Wang et al., 2018). The reason 
is that Mg adsorbs incoming light in photosystem II (Kaňa, 2016) and performs as 
a primer for the electron flow in photosystem I (Farhat et al., 2015). On the 
other hand, higher LMA limits maximum assimilation rates because of the need 
for a higher nutrient investment in structural rather than metabolic components 
in elevated LMA leaves, as well as reductions in mesophyll conductance at 
higher LMA (Wright et al., 2004; Niinemets et al., 2009; Osnas et al., 2013). 
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Figure 1.7. Fit of Farquhar's model to measured An/Ci curves for six Eucalyptus saligna 
saplings growing under well watered conditions (see Barton et al., 2010). A Bayesian inverse 
calibration of Vcmax25 and Jmax25 was performed from measured An/Ci responses. Activation 
and deactivation energies for photosynthesis were the ones reported by Lin et al., (2013). 
Measured assimilation (An mol·m-2·s-1) related to intercellular CO2 concentration (Ci, ppm) 
(grey dots) were modeled by a Generalized Additive Model analysis (GAM) with three degrees 
of freedom (Mean ± 95CI, red shadowed). Median Vcmax25 and Jmax25 calibrated parameters 
were 99.0 and 154.3 mol·m-2·s-1, respectively. Modeled An/ Ci (black dots) were described 
by using a GAM analysis with three degrees of freedom (Mean ± 2SE, blue shadowed). An 
was limited by Vcmax25 at Ci under ca. 410 ppm, and by Jmax25 above that concentration. 
Original An/Ci data from Crous et al., (2011). Adapted from Nadal-Sala et al., (Under review). 
In most environmental circumstances under current atmospheric CO2 
concentration, the main constraint for photosynthesis in Mediterranean C3 
plants is the CO2 concentration inside the thylakoid (Cc, ppm), which, for a given 
a temperature and enzyme concentration, determines the maximum carboxylase 
velocity for the Rubisco enzyme (Vcmax). Considering dynamic equilibrium 
between atmospheric CO2 concentration (Ca, ppm) and Cc, and that Ca >> Cc, 
available carbon for photosynthesis is determined together by net assimilation 
rate and by CO2 diffusion from the atmosphere through the leaf and into the 
chloroplast thylakoid. CO2 diffusion from the atmosphere to the thylakoid 
reactive loci is usually modeled as two-steps resistance model: firstly, 
atmospheric CO2 diffuses from atmosphere to the sub-stomatal chamber, with 
its diffusion being limited by stomatal conductance (gs, in mmols·m-2·s-1). 
Afterwards, CO2 diffusion from the sub-stomatal chamber to the chloroplast 
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thylakoid is limited by mesophyll conductance (gm, in mmols·m-2·s-1) (e.g. 
Farquhar and Sharkey, 1982; Bernacchi et al., 2002; Xu and Baldocchi, 2003; 
Grassi and Magnani, 2005; Niinemets et al., 2009; Keenan et al., 2010a; Flexas 
et al., 2013). In absence of drought stress, gs depends on Ca, vapor pressure 
deficit (D, in kPa) within leaf boundary layer, and the balance between the 
supply and the demand of carbon (e.g. Leuning, 1995; Leuning et al., 1995; 
Medlyn et al., 2011), whilst gm is more dependent of leaf ontogeny, leaf internal 
architecture and cell membrane biochemical properties changes (Niinemets et 
al., 2009; Flexas et al., 2012; Gago et al., 2016). Moreover, gm is often assumed 
by vegetation simulation models to be unlimited in absence of drought in order 
to simplify CO2 diffusion pathway parameterization, and in accordance to the 
original Farquar model (e.g. Xu and Baldocchi, 2003; Damour et al., 2010; 
Sharkey, 2012; Drake et al., 2017). 
However, in C3 plants, maintaining the stomata open in order to rebalance 
internal carbon concentration with Ca during photosynthesis necessarily implies 
water loses through transpiration. It is widely accepted that, in absence of 
drought stress, trees should reach an optimal equilibrium between carbon gain 
per unit of water transpired through modifications in their stomatal 
conductance, for a given Ca and D conditions (e.g. Cowan and Farquhar, 1977; 
Medlyn et al., 2011; Barton et al., 2012; but see Keenan et al., 2013). Intrinsic 
water use efficiency (iWUE, mmolsCO2·molH2O
-1) is the amount of carbon 
assimilated through photosynthesis in relation to water transpired. iWUE is 
expected to increase monotonically following Ca increases (e.g. Barton et al., 
2012; Kelly et al., 2016). Additionally, Consistent increases of iWUE have been 
reported under severe drought at regional level for Europe and Russia during 
2003 and 2006 droughts, although decreases in forest productivity were already 
reported for this period (Peters et al., 2018). In Mediterranean tree species, 
iWUE is currently close to 3-5 mmolsCO2·molH2O
-1 (Sabaté and Gracia, 2011). 
Hence, Mediterranean trees need to transpire 300-500 l of water in order to 
assimilate 1 kg of CO2 through photosynthesis, under current atmospheric CO2 
concentration. As a quick example, assuming a realistic transpiration rate of 2.3 
mm·day-1 (e.g. Anselmi et al., 2004; Limousin et al., 2009; Gracia et al., 2011), a 
vegetative period of 200 days, and a mean annual precipitation of 600 mm·year-
1 for a Quercus ilex stand in Spain, this example forest is projected to transpire 
~76% of the precipitation (460 mm·ha-1·year-1), in order to assimilate ~15 
MgC·year-1·ha-1. Similar values of 84% of precipitation being transpired by a 
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Quercus ilex stand in Prades (NE Spain) were reported by Rodà et al., (1999). 
Similarly, Schlesinger and Jasechko (2014) reported that 74% of precipitation 
returns annually to the atmosphere in form of evapotranspiration in 
Mediterranean environments. Moreover, Spanish Pinus halepensis forests 
growing in extreme water limited environments (i.e. mean annual precipitation < 
300 mm·year-1) have been reported to transpire nearly the 90% of incoming 
precipitation (Vicente et al., 2018).  
Eventually, the elevated transpiration rates in Mediterranean forests drive the 
soil dry, especially during summer, when there is little soil water refilling by 
precipitation. As soil dries, tree upward water conductive tissues' (i.e. fine roots, 
xylem and leaves) internal pressures increase as trees need to sustain a higher 
tension to mobilize the water adsorbed in the soil (Kramer and Boyer, 1995, 
Sperry et al., 2002). Those increasing internal tensions may lead to irreversible 
loses of tree hydraulic conductance by breaking the water column when air 
emboli are formed inside the xylem conduits, under lower (i.e. more negative) 
water potentials. This may lead from partial to complete tree desiccation and, 
finally, to tree death (e.g. Tyree and Sperry, 1988; Choat et al., 2012; 2016; 
2018; Trugman et al., 2018). 
Traditionally, two broad tree water management strategies has been 
described when facing increasingly lower soil water potentials: isohydric and 
anisohydric. These strategies are based on tree ability to modulate leaf water 
potentials through modifications of stomatal conductance at the short-term 
(Stoker, 1956; Tardieu and Simmoneau, 1998). Nevertheless, rather than just 
stomatal controls, this leaf water potential regulation was extended by Martínez-
Vilalta et al., (2014) and Klein (2014) to the whole plant hydraulic conductivity 
responses to decreasing soil water potential and atmospheric evaporative 
demand increases at the mid to long-term. A thigh dependence between 
stomata sensitivity to drought and xylem's anatomy and vulnerability to 
cavitation have been widely reported (e.g. Buckley, 2005; Manzoni et al., 2011; 
Sperry et al., 2016, Anderegg et al., 2017). Additionally, recent findings suggest a 
further trade-off between reducing gs under drought stress, and maintaining leaf 
temperature within a physiologically viable range of values in order to avoid leaf 
heat damage and temperature-induced limitations upon photosynthesis 
(Zandalinas et al., 2018). 
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Figure 1.8. Relationship between leaf predawn water potential (PWP, in MPa) and leaf 
midday water potential (MWP, in MPa) for two species grown in a glasshouse in Barcelona, 
NE Iberian Peninsula. Alnus glutinosa is a broadleaved, deciduous, anisohydric tree. In SWE-
med climate region, A. glutinosa is at its southernmost distribution, and its populations are 
found only by the riverside, where water is always available. Quercus pubescens is a 
deciduous, sclerophyllous, thermopile isohydric tree species. In SWE-med climate region we 
find this tree species mixed with other Quercus spp tree species in southern and warmer 
borders of low-altitude mountains (~400-800 m.a.s.l.). Slope: A. glutinosa = 0.84, n = 18; Q. 
pubescens = 0.08, n = 31. Adapted from Nadal-Sala et al., (In prep). 
Theoretically, the isohydric strategy implies strong plant control upon its 
midday leaf water potentials through a tight regulation of its stomatal 
conductance. Independently of soil water status and evaporative demand, 
isohydric tree species tend to present constant midday water potentials (Figure 
1.8, Quercus pubescens). This adaptation to drought allows tree species to reduce 
xylematic tensions below the threshold of xylem functionality loss under high 
evaporative demand and low soil water potentials. Yet, it necessarily implies a 
reduction in leaf-to-atmosphere water hydraulic conductance, with the 
associated gas exchange decrease between Ca and Ci, and thus, reduced 
photosynthesis (e.g. McDowell et al., 2008; McDowell, 2011; Martínez-Vilalta et 
al., 2014; Meinzer et al., 2014; Charrier et al., 2018, but see Martínez-Vilalta and 
Garcia-Forner, 2017). The anisohydric water management strategy implies that 
midday water potential will be very sensitive to water availability, and 
subsequently highly dependent on pre-dawn water potential (Martínez-Vilalta et 
al., 2014; Figure 1.8, Alnus glutinosa). This implies a weak stomata control upon 
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leaf midday water potential, thus promoting decreasingly lower leaf water 
potentials as soil dries and atmospheric evaporative demand increases. This 
trend will continue until a species-specific threshold of minimum leaf water 
potential is reached, which abruptly reduces gs to its minimum values (e.g. 
Meinzer et al., 2014; Zhou et al., 2014). In theory, anisohydric tree species would 
present slightly higher assimilation rates than isohydric tree species under light 
drought stress, because its leaf water conductance, and thus the Ca to Cc 
equilibrium, would be unaffected. However, there is a trade-off in this strategy, 
as, considering the same xylem hydraulic structure, anisohydric tree species 
would suffer higher xylematic tensions at decreasing soil water potential than 
isohydric ones, and thus they will be more prone to loss of xylem functionality. 
In the Mediterranean, Klein (2014) observed that semi-arid coniferous and 
sclerophylles tolerate lower leaf water potentials before they close 50% of their 
stomata than broadleaved or tropical tree species, as they are adapted to face 
lower soil water potentials while they must still be able to maintain gas exchange 
in order to assimilate carbon. However, the trade-off of an increased resistance 
to cavitation is a higher carbon cost in wood and leaf biomass formation 
(Martínez-Vilalta et al., 2010; Duan et al., 2018; Li et al., 2018), thus decreasing 
growth rates. Additionally, Martínez-Vilalta and Garcia-Forner, (2017), described 
that sclerophyllous Mediterranean tree species operating within a broader range 
of soil water potentials presented reduced stomata sensitivity to reductions in 
soil water potential than species performing within a narrower range of soil 
water potentials. 
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Figure 1.9. Evolution of a) stomata conductance (gs, mols·m-2·s-1, b) mesophyll conductance 
(gm, mols·m-2·s-1, b), carbon dioxide concentration inside the thylakoid (Cc, ppm) c), and 
assimilation rate (An, mols·m-2·s-1), d), for the deciduous drought intolerant Alnus glutinosa, 
and the sclerophyll, drought-tolerant Quercus pubescens saplings, cultivated in a 
glasshouse, after experimental drought exposition [see Zhou et al., (2014) for further details 
on experimental setup]. It is noteworthy the stronger response to drought in A. glutinosa, 
which lost all plant functionality after only 4 days of drought exposure. It is also noticeable 
the highly correlated decrease both in gs and in gm of A. glutinosa, while the sclerophyllous 
Q. pubescens only presented significant reductions in gs, while maintaining gm values during 
the first 5 days after dry-down onset. In addition, An was higher for A. glutinosa during the 
first two days - though no statistically significant-, but it was swiftly reduced at day 3 of the 
experiment, according to drought stress, whereas significant reductions in An for Q. 
pubescens occurred only at day 6 of the experiment. Adapted from Nadal-Sala et al., (In 
prep). 
Independently of tree's water management strategy, some degree of 
reduction in stomatal conductance, with the associated decrease in Ci/Ca, tends 
to be the first response to drought (Figure 1.9a), although elevated atmospheric 
evaporative demands may further reduce gs, independently of soil water 
availability (Novick et al., 2016). In addition, as drought progresses leaf internal 
CO2 conductance (i.e. mesophyll conductance, gm) is reduced through cell wall 
thickness modifications under drought stress (Chazen and Neumann, 1994), loss 
of cell turgor (Cornic et al., 1989), and cell membrane CO2 conductance 
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constriction trough aquaporin and carbonic anhydrase activity decrease, in order 
to avoid cell dehydration (e.g. Terashima and Ono, 2002; Flexas et al., 2008; 
Miyazawa et al., 2008; Pérez-Martín et al., 2014). Reduced gm increases 
resistance to CO2 diffusion from intercellular space to thylakoid, which further 
reduces Cc/Ca (Figure 1.9c). In addition, photosynthesis may also be limited by 
reduced efficiency of biochemical photosynthetic apparatus under elevated 
drought stress. In summary, under drought stress, stomatal and non-stomatal 
reductions in CO2 diffusion from Ca to Cc, together with decreases in 
photosynthetic capacity reduce the amount of carbon assimilated through 
photosynthesis (e.g. Du et al., 1996; Flexas and Medrano, 2002; Xu and 
Baldocchi, 2003; Grassi and Magnani, 2005; Galmes et al., 2007; Tezara et al., 
2008; Ghannoum, 2009, Niinemets et al., 2009; Keenan et al., 2010a, 2010b; 
Zhou et al., 2014; Drake et al., 2017; Duan et al., 2018, Peters et al., 2018, 
Figure 1.9d). Hence, drought stress strongly limits tree carbon uptake, with 
severe implications for global carbon dynamics (e.g. Nemani et al., 2003; Ciais et 
al., 2005; Humphrey et al., 2018; Peters et al., 2018). 
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1.7 Net carbon gain in Mediterranean forests 
Not all carbon assimilated through photosynthesis is available for new 
structure generation or NSC pools refilling, as tree living tissues need to 
consume carbohydrates in order to maintain their functionality. This metabolic 
process is named maintenance respiration (MR, e.g. Ovington, 1961; Thornley, 
1980; Amthor, 1994; Zhu et al., 2008; Amthor, 2012). MR includes the carbon 
costs for usable energy generation (e.g. ATP, NADPH, and NADH), and for 
metabolic intermediates used for: i) re-synthesis of compounds that undergo 
renewal in the normal process of metabolism (e.g. enzymatic proteins, 
ribonucleic acids, and membrane lipids); ii) maintenance of chemical gradients of 
ions and metabolites across cellular membranes that are necessary for cellular 
integrity and plant health; and iii), physiological adjustment of plant metabolic 
processes to changes in environment conditions. Besides, metabolic costs of the 
repair of mechanical injuries are considered to be part of MR. In NE Spanish 
Mediterranean Quercus ilex forests MR has been reported to account for the 48-
59% of annual GPP (Rodà et al., 1999). Additionally, MR has been observed to be 
highly sensitive to temperature increases, with MR rates increase exponentially 
as temperature rises (e.g. Ryan, 1991; Amthor, 1994; Ryan et al., 1995; Lavigne 
and Ryan, 1997; Flanagan and Johnson, 2005; Ghannoum et al., 2010a; 
Huntingford, 2017), although some degree of acclimation in respiration rates 
under higher tree growth temperatures is expected for the most metabolically 
active tree compartments, such as leaf and fine root compartments (e.g. 
Huntingford, 2017; Dusenge et al., 2018; Tjoelker, 2018). 
In addition to MR, there is another carbon cost associated to new biomass 
production: the fraction of carbon that is invested in metabolic processes during 
cell differentiation and tissue formation. This additional carbon formation cost is 
named the growth respiration (GR, Amthor, 2012). GR is a non-negligible 
compartment of  tree carbon balance: Ovington (1961) describes overall mean 
values of 0.32 mols of carbon lost in growth respiration for each mol of carbon 
used in biomass formation (i.e. an actual biomass increase of 0.68 molC for each 
molC invested in plant growth). Consistently, in a Mediterranean Quercus ilex 
stand in Montpellier, SE France, Rambal et al., (2004) found GR ranging annually 
between 0.17-0.34 molC·molC-1. Furthermore, similar GR values has been 
reported in other environments such as in Canada boreal forests, where GR has 
been observed to range between 0.29 in jack pine (Pinus banksiana Lamb.) and 
0.35 molC·molC-1 in trembling aspen (Populus tremuloides Michx.) (Lavigne and 
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Ryan, 1997). The sum of MR and GR is named the autotrophic respiration (AR). AR 
shall be discounted from gross primary production (GPP) in order to obtain the 
amount of carbohydrates available for tree to generate new structure and to 
refill its NSC pools, that is, net primary production (NPP). This fact is not 
negligible when accounting for forest carbon balances at global scale: for 
example, from the 119.8 GtCyear-1 of global GPP reported by Jung et al., (2011),  
80.4 GtCyear-1 (ca. ~67%) are calculated to return annually to the atmosphere in 
form of MR (Huntingford et al., 2017). In Mediterranean forests, the amount of 
GPP that actually results in new biomass is only about ca. ~35-40% of forest 
photosynthesis (e.g. Sabaté and Gracia, 2011, Rambal et al., 2014), although 
ranges between ca. ~60 % in broadleaved temperate forests and ca. ~ 30% in 
temperate coniferous forests have been reported (e.g. Granier et al., 2000; Law 
et al., 2001; Turner et al., 2003; Maseyk et al., 2008; Collalti et al., 2018). 
Furthermore, AR/GPP have been described to increase with stand age, and to 
decrease with stand management or after severe disturbances (e.g. DeLucia et 
al., 2007; Obando et al., 2018; Collalti et al., 2018). Additionally, part of this 
newly carbon gained is allocated to fine root and leaf biomass production. 
Hence, despite leaf and fine roots biomass representing smaller fractions of total 
carbon per ha than stem biomass, drought stress and elevated temperatures 
imply high turnover rates in leaf and fine root biomass in Mediterranean forests, 
so that an elevated amount of NPP shall be invested annually in leaf and root 
biomass regeneration, thus further reducing forest carbon sink capacity (e.g. 
Rambal, 1984; López et al., 1998; Sabaté et al., 2002; López et al., 2003; 
Mediavila et al., 2008; Gaudinsky et al., 2009). 
On the other hand, Mediterranean forests presents high NPP intra-annual 
variability, as balances between respiration and photosynthesis vary strongly 
during the year. Photosynthesis peaks occur during spring and mid-autumn, 
while peak in respiration occurs during summer, when temperatures are maximal 
and photosynthesis is limited by low water availability (e.g. Allard et al., 2008, 
Sabaté and Gracia, 2011). During summer months respiration costs may exceed 
GPP, and therefore tree carbon balance may become negative. Under negative 
carbon balances, trees use starch reservoirs to fulfil carbon maintenance 
requirements (e.g Martínez-Vilalta et al., 2016; Duan et al., 2018). Furthermore, 
under drought stress, trees tend to prioritize NSC investment in phloem and 
cambium functionality maintenance through homeostatic maintenance of their 
osmotic potentials (e.g. Cernusak et al., 2003; Pommerrenig et al., 2007; Sala et 
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al., 2010; Wiley and Helliker, 2012). Likewise, trees tend to be conservative in 
their NSC concentrations under drought stress, prioritizing the investment in 
stable phloem NSC concentrations rather than in stem growth (e.g. Piper et al., 
2017; Weber et al., 2018). For example, no responses to extreme drought (i.e. 
less than 55% of mean spring-summer precipitation) were found in NSC 
concentrations of 6 temperate tree species in Switzerland (Dietrich et al., 2018). 
On the other hand, trees subject to negative NPP has been described to 
acclimate by limiting NSC carbon allocation to herbivory and pest defenses (e.g. 
McDowell et al., 2011; Gaylord et al., 2015; Seidl et al., 2017), as well as to 
actively reducing maintenance respiration costs through increasing fine-roots 
mortality (Rambal, 1984), leaf shedding under prolonged drought stress (e.g. 
Bréda et al., 2006; Carnicer et al., 2011; Charrier et al., 2016; 2018), and 
reduced carbon allocation to the root compartment (e.g. Brüggemann et al., 
2011; Hasibeder et al., 2015; Gavrichkova et al., 2018), although higher carbon 
allocation in fine-roots production have been reported in other drought-stressed 
forest ecosystems (e.g. Poorter et al., 2012; Poorter and Sack, 2012). 
Furthermore, severe droughts have been globally observed to have negative 
effects on forest growth and tree survival rates during the following 1-4 years 
after drought by unbalances on both tree NSC concentrations and malfunctions 
in tree conductive tissues (Anderegg et al., 2015b). 
Reduced GPP due to low water availability, the elevated respiration rates due 
to high temperatures, and the high turnover rates in the most active tree organs 
(i.e. leaves and fine roots) results in that Mediterranean forests present 
comparatively low annual increases in biomass (Palahí et al., 2008). National 
Forest Inventory-based estimated that mean increases in aboveground biomass 
were about only ca. 2.7 Mg·ha-1·year-1 in Catalunya (NE Spain) (Gracia et al., 
2004). Consistently, Vayreda et al., (2012) reported total (i.e. aboveground plus 
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1.8 Tree mortality. Hydraulic failure and carbon starvation 
Climate-drive stressors such as prolonged drought or extreme heat waves are 
direct responsible of tree mortality (e.g. Allen et al., 2010, 2015; Anderegg et al., 
2015a; Clark et al., 2016). However, there is not a general agreement about the 
main drivers of such mortality, and its exact underlying processes are still poorly 
understood (Hartmann et al., 2015; Caileret et al., 2017). Some evidences points 
towards a carbon starvation-driven mortality when tree tissues are not capable 
to maintain their functionality under reduced carbohydrate input (e.g. McDowell 
et al., 2008; Galiano et al., 2011; Wiley and Helliker, 2012; Mitchell et al., 2013; 
Martínez-Vilalta et al., 2016; Trugman et al., 2018). On the other hand, other 
evidences points towards a reduction of tree hydraulic conductivity under stress 
that suppresses tree functionality by unlinking the water transport pathway from 
the root system to the canopy and vice-versa. This limitation may be whether by 
the reduction of water pumping capacity from the roots to the canopy, which 
derives in reduced leaf water potentials and the associated decreases in stomatal 
conductance, or by phloem functionality loses due to sap viscosity increases and 
phloem cell turgor reductions at reduced water potentials (e.g. Brodribb and 
Jordan, 2008; McDowell et al., 2011; Hartmann et al., 2013; Sevanto, 2014; 
Sperry and Love, 2015; Adams et al., 2017; Anderegg et al., 2017; Sevanto, 
2018), to a level that tree mortality would be expected to be more closely linked 
to species-specific hydraulic traits (Anderegg et al., 2016) rather than to carbon 
reserve concentrations during drought. The explanation may fall between these 
two broad conceptions, considering that hydraulic failure is often associated to 
reductions in carbohydrate production as well as reductions in carbon allocation 
capacity (e.g Hartmann, 2011; Hartmann et al., 2013; McDowell et al., 2018). 
Furthermore, reduced photosynthesis has been described to imply reductions in 
phloem carbon load, which reduce upper phloem osmotic potential, thus 
implying limitations in carbon allocation downward from the leaves to the roots 
and therefore inducing to fine root mortality (Sevanto et al., 2014). In addition, 
observed lower leaf water potential and smaller hydraulic safety margins were 
reported for drought-induced defoliated Pinus sylvestris trees (Salmon et al., 
2015). They were described to be directly linked to reduced photosynthesis 
after a severe drought and to increased vulnerability to the future drought 
events. Furthermore, reductions in carbon availability and changes in carbon 
allocation patterns under drought stress were found to increase tree 
vulnerability to pathogens or pests due to reduced tree defenses (Seidl et al., 
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2017), thus increasing probability of tree death by exogenous biotic stressors. 
These biotic stressors, in turn, may amplify the effects of climate-induced 
disturbances on mortality (e.g. defoliation of Pinus spp. due to the Pine 
processionary caterpillar (Thaumetopoea pityocampa Schiff.). Processionary 
caterpillar grazing led to reduced growth rates, increased tree mortality and 
reduced male and female cone production (Hódar et al., 2003;  Figure 1.10).  
Therefore, tree mortality is determined both by current environmental 
conditions and the impacts of previous disturbances on remaining leaf biomass 
and its functionality, the current health of the apical and meristematic tissues, 
the functional status of its remaining hydraulic pathway, the remaining 
photosynthetic structure and current NSC and nutrient availability, the ability to 
generate new conductive tissue, and the possibility to refill embolized xylem 
conduits (Choat et al. 2018). In summary, tree mortality is determined by a 
multiplicity of both internal and external factors, that affect both tree 
photosynthetic capacity, tree carbon allocation, whole tree hydraulic 
conductivity and tree defenses from biotic and abiotic stressors.  
 
Figure 1.10. Pine processionary caterpillar (Thaumetopoea pityocampa Schiff.) silk nest in a 
Pinus uncinata Mill. tree species at the "Serra del Cadí" natural park, Catalonia, NE Iberian 
Peninsula, at ~1700 m.a.s.l. 
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In terms of global carbon budged, tree mortality under extreme climate events 
such as extended drought or extreme heat waves has been described to strongly 
affect forest carbon sink capacity (e.g. Anderegg et al., 2013; Reichstein et al., 
2013; Keenan and Williams, 2018; Law et al., 2018). In Mediterranean forests, 
tree mortality have been reported to be closely related to drought stress (e.g 
Ogaya and Peñuelas, 2007; Reichstein et al., 2013; Ogaya et al., 2015; Liu et al., 
2016b; Fekete et al., 2017). Furthermore, Quercus ilex stands under 
experimentally induced drought have been described to reduce ca. ~85% annual 
carbon sequestration, mainly due to tree mortality, when compared to non-
stressed ones (Ogaya and Peñuelas, 2007). Likewise, drought-induced mortality 
derived in a shift from a Quercus ilex forest to a less productive but more 
drought-tolerant Phyllirea latifolia stand after 17 years of experimental rain 
exclusion (Liu et al., 2018a). So, tree mortality processes are projected to play a 
key role in determining the evolution of Mediterranean forests and their carbon 
sink capacity during next decades. A better understanding of underlying 
mortality processes is therefore crucial to anticipate forest carbon and water 
dynamics under a changing environment, although properly modeling tree 
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1.9 What do Mediterranean forests offer to society? Much more than wood, indeed 
Additionally to their intrinsic ecological value, Mediterranean forests provide 
human society by an enormous and yet not entirely accounted amount of goods 
and services. Traditionally, forests had been considered only for wood extraction 
purposes. However during last decades a change in this paradigm have occurred, 
shifting from a traditional wood-extraction based point of view, to a multi-
functional approach about forest's goods and services provision to society 
(Millennium Ecosystem Assessment, 2005; Schröter et al., 2005; Wiersum et al., 
2018). Providing the low wood productivity of most of Mediterranean forests, 
these non-woody products and services have described to be in many cases 
more valuable for society than just wood production itself (e.g. Palahí et al., 
2009; Lidner et al., 2014; Marchetti et al., 2014). 
Globally, one of the most important ecosystem services provided by forests is 
the atmospheric carbon uptake, which partially buffers the anthropogenic 
carbon emissions. Consistently with previous observations of ca. 30% of 
anthropogenic fossil fuel emissions being removed from the atmosphere by 
forests during the 1990-2007 period (e.g. Canadell et al., 2007; Pan et al., 2011), 
during last decade (2007-2017) forests have been estimated to be the main 
buffer of atmospheric CO2 concentration by removing annually ca. ~3.6 PgC, 
which corresponds to roughly 34% of anthropogenic fossil fuel emissions (Quéré 
et al., 2018, see Keenan and Williams (2018) for a review). In temperate regions 
such as the Mediterranean, forest mean sink capacity has been estimated to be 
about 1.7 MgCha-1year-1 (Pan et al., 2011), after taking into account the higher 
carbon turnover derived from elevated forest fire recurrence and carbon 
removal due to forest management. Consistently, Vayreda et al., (2012) found 
that Spanish forests captured a mean of ca. 1.4 MgCha-1year-1 during last decade 
(1995-2005). Furthermore, Calfapietra et al., (2015) report similar estimated 
carbon fixation rates for Italian forests, ranging between 1.1-1.6 MgCha-1year-1 
for young forests of different Mediterranean tree species (i.e. Quercus ilex, Pinus 
halepensis, Quercus cerris). 
Another fundamental service that forests provide to society is the regulation 
of water fluxes and the improvement of water quality (Neary et al., 2009). 
Forests have proven to act as buffers for climate induced disturbances both to 
energy and water cycles at regional level (e.g. Syktus and McAlpine, 2016; 
Ellison et al., 2017; Poncelet et al., 2017). Furthermore, absorption of recalcitrant 
Chapter 1 | Mediterranean forests as example of forest ecophysiology in semi-arid environments 
59 
organic compounds in forest soils increases pollutant self-depuration (e.g. 
Callegari et al., 2006; Hunter et al., 2009; McIntyre et al., 2009; Gökbulak et al., 
2017), as well as the high de-nitrification rates in Mediterranean riparian forests' 
soils improves in-stream water quality (e.g. Vidon et al., 2010; Lupón et al., 2016;  
Poblador et al., 2017, 2018). Likewise, the key role that forests play in flood 
control and regulation, as well as in soil erosion prevention, has been well 
recognized since long ago (e.g. Kittredge, 1948; Calder and Aylward, 2006; De 
Groot et al., 2010; Beier et al., 2015; Dixon et al., 2016; Tan-Soo et al., 2016; 
Ellison et al., 2017). Forest canopy intercepts the rainfall, thus decreasing the 
energy of the water impacts directly upon the soil, as well as the superficial root 
system maintains soil structural cohesion and increases soil porosity. This 
favours  infiltration rates into the deeper layers of the soil and minimizes erosion 
due to superficial runoff (e.g. Calder and Aylward, 2006; Zuazo and Pleguezuelo, 
2009; Zhang et al., 2015; Guerra et al., 2016; Smith et al., 2016). However, when 
analyzing the beneficial effects of forests on water quality and quantity, one 
must also consider that forests directly compete with human societies for water 
resources use in dry environments such as the Mediterranean region (see 
discussion below). 
Traditionally, Mediterranean forests have provided society with a large 
amount of non-woody products. In all peri-Mediterranean area is well described 
the use of several plant families such as the Labiaceae or the Asteraceae for 
medicinal purposes since ancient times (e.g. González-Tejero et al., 2008; El-
Gharbaoui et al., 2017). Additionally, responding to the growing interest of the 
bioeconomical value of wild edible plants (Ceccanti et al., 2018), Petropoulos et 
al., (2018) analyzed the chemical properties of 17 autochthonous edible wild 
plant species susceptible for commercialization in Greece. On the other hand, 
wild mushroom collection is an extended practice all across Europe, with annual 
economical impacts estimated as 40 M€ in Italy (ISTAT, 2008) or 32 M€ in 
Catalunya (Bonet et al., 2014). Moreover, during last decades, there has been an 
increasingly interest on evaluating and quantifying the edible mushroom 
production and recollection European-wide (e.g. de Aragón et al., 2007; de 
Aragón et al., 2011; Liu et al., 2016a; Tomao et al., 2017; Tahvanainen et al., 
2018), in order to regulate the increasingly harvesting pressure (Prokofieva et al., 
2017). 
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In addition to profitable goods provision and ecosystem regulation, 
Mediterranean forest also provide society with a wide range of non-material 
services such as didactic environmental learning, natural habitat awareness, 
aesthetical aspects, eco-tourism, spirituality and leisure activities that have also 
to be taken into consideration when accounting for forests services supply 
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1.10 Climate change impacts on Mediterranean forests ecophysiology 
 
Figure 1.11. Schematic representation of the abovementioned processes and their 
interactions (solid arrows) at leaf, tree and stand level. Projected impacts of climate change 
on the different processes are also noted (dashed arrows). Green arrows indicate positive 
correlation between processes/climate drivers (e.g. all being equal, increases in An will derive 
in increases in gs; all being equal, increases in D will derive in increases in Ec). Conversely, red 
arrows indicate negative correlation between processes/climate drivers (e.g. all being equal, 
increases in Mortality would derive in reductions in Carbon stock; all being equal, reductions 
in P would derive in reductions in SWCa). List of acronyms: Ca, increase in atmospheric CO2 
concentration; Tair, increase in air temperature; D, increase in vapour pressure deficit; P 
reductions in annual precipitation and increases in precipitation seasonality; An, leaf-level 
photosynthesis; gs, stomatal conductance; Tleaf opt. optimal temperature for photosynthesis; 
GPP, gross primary production; NPP, net primary production; Ec, canopy transpiration; AR, 
autotrophic respiration;  increase in internal hydraulic pressure; k, soil--canopy continuum 
hydraulic conductance; LB, WB and RB, leaf, wood and root biomass; LCA and RCA, leaf and root 
carbon allocation; SWCa, available soil water content; SWCs, soil water content at water 
saturated soil layers; ET/P, proportion of actual evapotranspiration in respect to 
precipitation; Carbon stock, stand carbon stock; Mortality, tree mortality; Fire Risk, stand fire 
risk; HR, heterotrophic respiration. 
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Ongoing climate change is projected to alter Mediterranean forests 
ecophysiology mostly due to changes in three main environmental drivers of 
forest performance. These are: i) an increase of atmospheric CO2 concentration 
(Ca, ppm); ii) an increase of temperature, both in its mean values and an increase 
in extreme heat waves recurrence, and iii) an increase of water-related stress 
due to both a reduction in precipitation, an increase of rain seasonality, and an 
increase in atmospheric evaporative demand (Figure 1.11). However, although at 
regional level similar responses can be forwarded for most of Mediterranean 
forests due to overall similar climate forcing, stand-specific responses to climate 
change will also strongly depend on local climate particularities, stand age and 
structure, underground water flow availability, tree life-history of past 
disturbances, nutrient availability, species-specific physiological traits and their 
acclimation plasticity, and long-term species adaptive capacity. So, the 
combination of all those endogenous and exogenous factors may lead to 
different stand responses to ongoing climate change, even for the same tree 
species within the same geographical distribution. 
Over the past decades, an overall increase in iWUE and in assimilation rates at 
leaf level due to increased atmospheric CO2 concentration (Ca) have been 
reported worldwide (e.g. Norby et al., 2005; Ghannoum et al., 2010a, 2010b; 
Norby and Zak, 2011; Peñuelas et al., 2011; De Kawe et al., 2013; Keenan et al., 
2013; Barbeta and Peñuelas, 2017; Ellsworth et al., 2017). Accordingly, a global 
trend of increased forest NPP due to the fertilizing effect of increased Ca has 
also been reported (e.g. Norby et al., 2005; Keenan et al., 2013; De Kawe et al., 
2016b; Zhu et al., 2016; Barbeta and Peñuelas, 2017). However, whether this 
trend will be maintained along the 21th century or it will be offset by other 
environmental drivers associated to climate change is still an open question. The 
simulation under climate change of Pinus halepensis, Pinus sylvestris, Quercus ilex 
and Fagus sylvatica Spanish forest stands suggest that the fertilizing effect of 
increased Ca on NPP during the first half of the 21th century will be offset by 
increases in temperature and maintenance respiration, as well as reductions in 
water availability, by the end of the 21th century (e.g. Sabaté et al., 2002; 
Keenan et al., 2011; Nadal-Sala et al., 2017b).  
Similarly, the strength of increased Ca fertilizing effect on stand productivity 
has been observed to be strongly limited by nutrient and water availability (e.g. 
Medlyn et al., 1999; Long et al., 2004; Gedalof and Boer, 2010; Peñuelas et al., 
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2011; Medlyn and De Kawe, 2013; Reich and Hobbie, 2013; Brzostek et al., 
2014; Allen et al., 2015; Van Der Sleen et al., 2015; Donohue et al., 2017). For 
instance, in the Iberian Peninsula, at similar environmental growing conditions 
and within the same geographical distribution, deeper rooted Quercus ilex 
presented higher CO2-induced growth stimulation than shallower rooted Fagus 
sylvatica due to increased water availability (Barbeta and Peñuelas, 2017). 
Besides, an Eucalyptus tereticornis stand under severe phosphor limitation 
presented no biomass increase under elevated Ca respect to the same forest 
growing at ambient Ca. However, it increased its biomass stock in a ~35% if 
elevated atmospheric CO2 was coupled with phosphor fertilization (Ellsworth et 
al., 2017). 
Likewise, atmospheric CO2 increases are hypothesized to reduce transpiration 
at leaf level by reducing gs, thus potentially implying reductions in overall 
transpiration and increases in  water yield (e.g. Lammertsma  et al., 2011; Warren 
et al., 2011; Kirschbaum and McMillan, 2018). However, different responses 
arise when upscaling increased atmospheric CO2 concentration effects on 
transpiration from leaf to stand level, as forests acclimate to increased Ca by 
modifications in leaf area, fine root biomass and stomatal density per unit of leaf 
area, as far as little to no reductions in evapotranspiration have been observed 
from stand to regional levels under increasing Ca (e.g. Wullschleger  et al., 2002; 
de Boer et al., 2011; Norby and Zak, 2011; Fatichi et al., 2016; Cheng, 2017; 
Gimeno et al., 2018; Lemordant et al., 2018). Furthermore, in sub-humid 
environments, rising Ca has been observed to reduce stream discharge due to 
increased forest transpiration as a result of greening (i.e. increase in leaf area at 
regional level) (Trancoso et al., 2017). Besides, the expected water content 
depletion of the first soil layers due to increased evapotranspiration is expected 
to promote deeper roots formation in temperate drylands, which will also imply 
the mobilization of an increased amount of deep soil water to sustain increased 
evaporative demand (Schlaepfer et al., 2017). This will further increase 
transpiration partition of water balances in Mediterranean forests, which is 
already between ~70-90% of incoming precipitation. Therefore, one should be 
cautious when analyzing the fertilizing effects of elevated Ca on both forest 
productivity and water yield in Mediterranean forests, due to the strong water 
limitation and elevated evaporative requirements that most of them are already 
facing nowadays. 
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Current water availability constraints upon Mediterranean forest growth are 
expected to be exacerbated by climate change as precipitation decreases and 
atmospheric evaporative demand increases. Even at global scale, carbon 
dynamics are strongly determined by water availability on an annual basis 
(Humprey et al., 2018), so it is expected that a reduction in water availability will 
deeply impact carbon uptake capacity of Mediterranean forests, which are 
already limited by concomitant summer drought stress (Mooney, 1983). 
Accordingly, carbon uptake in a Mediterranean Quercus ilex stand has been 
reduced by experimentally-induced drought (e.g. Ogaya et al., 2003; Ogaya et al., 
2007; Cotillas et al., 2009; Ogaya et al., 2014). In addition, Mediterranean forests 
are expected to be subject to lower soil water potentials, which will lead to 
increased xylematic tensions. Increased xylematic tensions may be partially 
mitigated through reducing stomatal conductance (gs). However, this reduced gs 
due to increased aridity (i.e. reduced soil water availability and increased 
atmospheric evaporative demand) will imply further reductions of 
photosynthesis.  
However, stomatal control is capable to offset tree internal water column 
increasingly tensions only up to a certain point (Choat et al., 2018). It is likely 
that increased tree internal tensions may also derive into increased mortality by 
hydraulic failure when stomatal regulation will not be able to reduce them below 
wood safety margins (McDowell et al., 2008, 2011; Anderegg et al., 2013; 
McDowell and Allen, 2015; Anderegg et al., 2015a; 2016). This increase of 
drought-induced tree mortality is projected to be exacerbated by the augment 
of extreme drought and heat waves events recurrence. Those extreme events 
may decrease soil water potential below tree safety margins, thus resulting in 
punctual episodes of widely extended drought-induced mortality and crown 
browning (e.g. Allen et al., 2010, 2015; Carnicer et al., 2011). Furthermore, it is 
expected that drought will exacerbate the negative impacts of other 
environmental stressors such as forest fires and pests (Seidl et al., 2017). 
Whether by reduced photosynthesis or increased tree mortality, it is expected a 
reduction in carbon uptake capacity by Mediterranean forests under more arid 
conditions (e.g. Keenan et al., 2010a; Barbeta et al., 2015; Frank et al., 2015; 
Helman et al., 2017; Peters et al., 2018), which might endanger their current 
function as carbon sinks in the near future. 
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Additionally, decreases in water availability may imply reductions in non-
woody forest goods productivity. For example, in central Spain, edible 
mushroom sporocarp production has been found to be strongly positively 
correlated to end-summer precipitation and soil water content (Taye et al., 2016, 
Karavani et al., 2018b), but negatively correlated with air temperature during 
starting of fruiting season. So, under the expected warmer and more arid 
conditions, edible mushroom production is also projected to be reduced (Ágreda 
et al., 2015, but see Karavani et al., 2018b). 
The warming effect is the most difficult to anticipate, as the impacts of 
increased temperatures upon Mediterranean forests will strongly depend on 
their water availability. One strong reason is that, as discussed above, trees are 
able to regulate their leaf temperature by transpiration. Thereafter, under non-
limiting water availability conditions, trees are expected to be able to partially 
mitigate warming negative impacts on photosynthesis and leaf structure by 
active leaf temperature regulation. Also, arguably most of Mediterranean tree 
species are operating at below-optimal leaf temperatures for photosynthesis at 
some moment of the year (e.g. Long, 1991; Teskey et al., 1994; Medlyn et al., 
2002; Pederson et al., 2004; Sage and Kubien, 2007; Flexas et al., 2014; 
Sánchez-Salguero et al., 2015; Marqués et al., 2018). Likewise, some degree of 
photosynthetic optimal temperature acclimation to rising temperatures and 
increasing Ca is expected (e.g. Chi et al., 2013; Bagli et al., 2015; Lombardozzi et 
al., 2015). Furthermore, an enlargement of spring growing season due to rising 
temperatures have already been reported in Europe (e.g. Walther et al., 2002; 
Peñuelas et al., 2009; Carnicer et al., 2011; Keenan et al., 2014; Wolf et al., 2016; 
Bigler and Bugmann, 2018). Therefore, a positive effect of increasing 
temperature on forest productivity would be expected if water would be 
available enough (e.g. Bagley et al., 2015; D’Orangeville et al., 2018). However, 
this assumption is not meet in Mediterranean forests, as their physiology is 
already strongly limited by low water availability, and more arid conditions are 
expected in the near future. In such circumstances, under the dilemma of 
regulating leaf heat stress or leaf drought stress, plants have been observed to 
strongly acclimate to the most limiting stress (i.e. drought) by closing their 
stomata and reducing transpiration, rather than regulating leaf temperatures 
(Zandalinas et al., 2018). Under such circumstances, temperature have observed 
to present a negative effect on tree growth, therefore limiting forest growth at 
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the driest border of their biogeographic distribution (e.g. Jump et al., 2010; 
Wertin et al., 2011; Reich et al., 2015; Hacket-Pain et al., 2016). 
An increase in mean annual temperatures will imply both augments in VPD 
and reductions in leaf-to-air convective heat loses. The increase in VPD will 
imply lower gs values than the expected when accounting only for Ca and soil 
water availability effects on gs alone (Burton et al., 2012; Novick et al., 2016), 
thus inducing to reduced Ci, and therefore more limitations on photosynthesis 
than when considering only gs reductions due to soil water availability decreases 
(Nadal-Sala et al., Under review). In addition, a reduction in convective heat 
loses, if they can't be balanced by increased transpiration (e.g. Niinemets and 
Valladares, 2006), may derive in over-optimal leaf temperatures for 
photosynthesis during summer, leaf heat damage and higher leaf biomass 
turnover rates due to increased leaf mortality. Although enlarging the growing 
season may have beneficial effects on forest productivity in regions where forest 
performance is currently limited by low temperatures (e.g. D'Orangeville et al., 
2018), it may have negative effects for carbon and water cycles in 
Mediterranean forests. On one hand, if there is not enough water to supply 
increased water requirements by an extended growing season, net carbon 
balance would be reduced because of reductions in daily net assimilation related 
to increased maintenance respiration. Also, increased tree internal tensions 
would be also expected, due to lower mean soil water potentials during longer 
periods, thus augmenting the probability of conductive tissue functionality loss 
and therefore tree mortality. On the other hand, in those Mediterranean stands 
where water is currently not limiting growth, mainly located at northern 
latitudes, by the riverside or in high altitudes, larger growing seasons will 
promote evapotranspiration increases (e.g. Seneviratne et al., 2010), thus 
reducing water yield downstream the stand, which may have severe implications 
for riparian ecosystems downstream and also for society (Otero et al., 2011). 
Likewise, stem and root maintenance respiration rates have been observed to 
be sensitive to increasing temperatures (e.g. Carey et al., 1997; Drake et al., 
2008; Jarvi and Burton, 2018). In addition, leaf is the tree compartment with 
higher respiration rates per unit of biomass, so it is expected that changes in leaf 
dark respiration under warmer conditions will strongly affect global forest 
carbon balances (Cox et al., 2000; Huntingford et al., 2017). Arguably, a high 
degree of acclimation of leaf dark respiration rates to rising temperatures 
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["sensu" Atkin and Tjoelker, (2003)] has been observed (e.g. Crous et al., 2011; 
Chi et al., 2013; Reich et al., 2016). Thus, despite rising temperatures have been 
described to reduce AR/GPP at short time-steps basis (Tjoelker et al., 2001), and 
although a peak in assimilation at about 20-30 ªC is observed (Yamori et al., 
2014) while the exponential increase in respiration rates has been described to 
continue until leaf temperature reaches 55-60 ºC (O'Sullivan et al., 2013), it is 
generally assumed that AR/GPP tends to be homeostatic at the mid-to-long 
term due convergent photosynthesis and respiration acclimation responses. 
However, extreme heat events, elevated absolute temperatures and changes in 
leaf nitrogen concentration may partially offset homeostatic mechanisms and 
increase AR/GPP (e.g. Atkin et al., 2007; Chi et al., 2013; Drake et al., 2016; 
Huntingford et al., 2017; Dusenge et al., 2018). Hence, Mediterranean forest 
autotrophic respiration, which is currently about 60-65% of annual GPP, is 
expected to increase under global warming both by non-photosynthetic biomass 
stock increases and slightly higher respiration rates per unit of biomass (e.g. 
Atkin et al., 2007; Piao et al., 2010; Way and Yamori, 2014). Under such 
circumstances, an overall decrease in carbon use efficiency is expected in semi-
arid environments such as the Mediterranean area (e.g. Cao and Woodward, 
1998; Drake et al., 2016; Collalti et al., 2018; He et al., 2018). Thereafter, further 
reductions in Mediterranean forest carbon sink capacity are projected. 
Moreover, the expected increase in forest carbon autotrophic respiration may 
occasionally result in a feedback mechanism for climate change, by increasing 
forest autotrophic carbon emissions (e.g. Cox et al., 2000; Wang et al., 2013; 
Zhang et al., 2014b; Lombardozzi et al., 2015). 
Similarly, heterotrophic respiration is expected to increase according to global 
warming in Mediterranean forests (e.g. Epron et al., 1999; Rustad et al., 2001; 
Flanagan and Johnson, 2005; Wang et al., 2014; Carey et al., 2016; Bond-
Lamberty et al., 2018), thus potentially further increasing forest carbon 
emissions. However, the codependence of soil respiration with both 
temperature and water availability (e.g. Conant et al., 2004; Almagro et al., 2009; 
Chang et al., 2014; Rezgui et al., 2016) implies that increases in soil respiration 
rates in Mediterranean forests due to warming may be partially offset by the 
expected reductions on soil water content. Again, the interaction of water and 
temperature effects on Mediterranean ecosystems shall be highlighted, as the 
impacts of climate change upon Mediterranean forests are strongly bounded to 
the relative change of these two key environmental drivers in the near future.  
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Projected decreases in water availability and increases in mean temperature, 
as well as a higher recurrence of heat waves during summer, will represent an 
increment in forest fires recurrence and severity. It will extend the season with 
elevated fire probability due to high temperatures and low atmospheric 
humidity, as well as it will reduce in-stand fuel water content, which will 
decrease the required energy amount for its ignition and increase its 
flammability (e.g. Pausas, 2004; Carvalho et al., 2010; Pechony and Shindell, 
2010; Brotons et al., 2013; Satir et al., 2016; Boer et al., 2017; Holden et al., 
2018; Turco et al., 2018). The Balkan Mountains, the Italian Alps and the pre-
Pyrenees have been identified as the most vulnerable regions across the 
Mediterranean basin (Moriondo et al., 2006). This increase in forest fires 
recurrence and severity will derive in increased carbon emissions by forest 
biomass burning (Amiro et al., 2001; Schröter et al., 2005; Seneviratne et al., 
2012). Likewise, increased forest fire recurrence may have severe implications 
on soil quality by reducing soil organic carbon content and nutrient availability 
trough volatilization or ash convection (e.g. Boerner, 1992; Certini, 2005; Mayor 
et al., 2016; Ferreira et al., 2016; Francos et al., 2018). Furthermore, post-fire 
increases in soil erosion due to increased superficial runoff and lower infiltration 
rates have been already observed (e.g. Cerdà and Doerr, 2005; Shakesby, 2011; 
Prats et al., 2016). Therefore, the increasingly forest fire probability and 
intensity, and its likely impacts both on forest structure and on soil properties 
under global warming, are a key element to be considered when accounting for 
the impacts of climate change on semi-arid Mediterranean forests, as they might 
easily present feedback mechanisms on reduced tree growth and increased 
forest vulnerability to recurrent forest fires, which would lead to progressive soil 
degradation and to a more fire-prone forest structure development of the post-
fire regenerate. 
Besides, global warming is projected to strongly modify tree species 
distribution (e.g. Aitken et al., 2008; Van Der Putten, 2012; Hanewinkel et al., 
2013; Dydersky et al., 2018). Upward and northward migrations of tree species 
populations, as well as climate-induced population extinctions at tree species 
living in their southernmost distribution borders are very likely to occur due to 
increases in temperature and reductions on water availability (e.g. Walther et al., 
2002; Peñuelas et al., 2007; Liang et al., 2018). One particular ecosystem in the 
Mediterranean area where these abrupt tree species changes are expected to 
firstly occur are the riparian forests. These ecosystems are currently behaving as 
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vegetation shelters for boreal-origin deciduous tree species located in the driest 
border of their distribution. So, they are expected to be highly sensitive to 
increases in aridness (Sanz et al., 2011; Pielech et al., 2015; Nadal-Sala et al., 
2017a). Even more, Mediterranean riparian forests are already being invaded by 
allochthonous tree species such as black locust (Robinia pseudoacacia L.), which is 
currently outperforming autochthonous tree species across moist Europe 
promoted both by its inherent elevated invasive strength, its deliberate 
plantation for wood and biomass extraction purposes, or its accidental human-
induced facilitation through intense thinning (Motta et al., 2009; Kurokochi et al., 
2010; Kraszkiewicz, 2013; Radke et al., 2013; Vitková et al., 2017, Figure 1.12). 
 
Figure 1.12. Mainland Spanish distribution of black locust (Robinia pseudoacacia L.) 
observations present at GBIF database (https://www.gbif.org/) at year 2019. 
 On the other hand, black locust growth and distribution is currently limited by 
low temperatures (Gassó et al., 2009; Kleinbauer et al., 2010; Gassó et al., 2012; 
Vitková et al., 2017). So, it is expected that increasing temperatures and 
increased disturbance regime due to more recurrent extreme climate events 
would enhance black locust invasive strength, thus allowing this invasive tree 
species to further outperform autochthonous riparian tree populations due to its 
adaptation to warming and drought stresses (Godoy et al., 2011; Nadal-Sala et 
al., 2017a; Nadal-Sala et al., 2019). Moreover, invasions of black locust have 
been reported to strongly reduce soil nitrogen cycling velocity as well as to 
modify soil organic matter quality in Mediterranean riparian forests (e.g. Castro-
Díez et al., 2009; De Marco et al., 2013; Medina-Vilar, 2016), so it is expected 
that invasions of black locust will have severe effects on soil biochemical 
processes, as well as an increase of in-stream nitrogen loads.  
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1.11 Managing Mediterranean forests in the face of climate change 
Forest management consists in a pre-defined set of actuations on forest 
structure in order to modify its characteristics according to one or more 
management objectives. As forest responses to climate change will strongly be 
determined by stand structure and composition, forest management appears as 
a useful tool in order to mitigate the above discussed negative effects of climate 
change in the Mediterranean. However, there are severe tradeoffs between 
different management objectives and their differential interventions on forest 
structure, as well as their impacts upon forest ecophysiology. So, an "a priori" 
knowledge of how forest stands will respond to management interventions, as 
well as how climate change will modify the strength and direction of these 
responses, is fundamental to optimize forest management both for ecosystem 
functionality maintenance and society goods and services provision (Grumbine, 
1994; Coortner et al., 1999; Schröter et al., 2005; Lidner et al., 2014; Doblas-
Miranda et al., 2017). 
For instance, as discussed above, a non-negligible fraction of carbon 
assimilated by Mediterranean forests is lost by autotrophic respiration annually. 
Forest management have been described to reduce this fraction by removing 
respiring biomass, thus inducing managed forests to increase forest growth and 
to enhance their carbon sink capacity (e.g. González-Ochoa et al., 2004; Schröter 
et al., 2005; De Diós et al., 2007; Bravo et al., 2008; Vayreda et al., 2012; Ford 
and Keeton, 2017; Collalti et al., 2018). However, important tradeoffs between 
different management objectives have been found when evaluating the impact 
of different management procedures on forest dynamics. Those tradeoffs 
include maximum carbon uptake capacity versus increasing residence time in 
wood and wood economic value, as well as carbon stocking capacity in stand 
versus forest biomass productivity. Thus, high intensity and low rotation length 
management procedures stimulate high biomass production, but with lower 
carbon residence time in wood, lower wood quality and a higher impact on long-
term nutrient availability in the stand. On the other hand, higher and taller trees 
derived from a low-intensity and long rotation length management derive in 
longer carbon residence times in wood, high economical revenues and more 
valuable wood products. However, they are less adaptive to climate change 
impacts, as they pack the carbon in a lower number of trees and require higher 
management rotation lengths. This reduces management adaptation capability 
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to unexpected changes in climate conditions and increases carbon emissions 
under severe disturbances that derive in tree mortality (e.g. Palahí and Pukkala, 
2003; Nunery and Keeton, 2010; Böttcher et al., 2012; Keith et al., 2014; 
Calfapietra et al., 2015; Caleb et al., 2016; Kang et al., 2016; Vogler et al., 2016; 
Vance et al., 2018). Furthermore, intensive management practices for biomass or 
paper pulp production have been reported to promote the establishment of 
invasive tree species in water enriched environments, such as Mediterranean 
riparian forests, as clear-cutting generates an open environment where invasive 
tree species can more easily establish (Radke et al., 2013; Vitková et al., 2017). 
On the other hand, moderate selective thinning has proven to increase forest 
resilience to disturbances such as drought (Lidner et al., 2014). For instance, in a 
managed Quercus ilex stand at NE Spain reduced competition for water 
resources enhanced growth when compared with unmanaged stand in a water 
exclusion experiment (Lopez et al., 2009). Similarly, moderate thinning has been 
described to act as a buffer for extreme drought events due to an increased 
water availability both at per tree and at per leaf area basis in Spanish Quercus 
ilex thinned plots (Ortiz, 1999; Cotillas et al., 2009), as well as in Israel Pinus 
halepensis stands growing at less than 300 mm·year-1 (Ungar et al., 2013). 
Likewise, intensive thinning improved tree growth and leaf area per tree, and 
decreased individual tree vulnerability to drought in an Israeli Pinus halepensis 
stand (Caleb et al., 2016), and also stimulated post-drought recovery in Spanish 
Pinus sylvestris and Pinus nigra thinned stands (Navarro-Cerrillo et al., 2019). 
Additionally, early selective thinning in a post-fire Pinus halepensis regenerate 
stand have been observed not to increase total biomass at the short term, but to 
pack the carbon stock into few bigger trees, more resistant to future forest fires 
(De Las Heras et al., 2013). Likewise, selective thinning of such post-fire 
regenerate in P. halepensis stands has proven to further stimulate serotinous 
cones in managed stands than in unmanaged ones at short-term, thus increasing 
forest resilience to future disturbances (e.g. González-Ochoa et al., 2004; De Las 
Heras et al., 2007). 
Another crucial aspect to consider when planning management practices for 
Mediterranean forests is that, providing their elevated transpiration rates, they 
compete directly with society for water resources (e.g. Andréassian, 2004; 
Calder, 2007; Niedda et al., 2014; Zhang et al., 2014a; Beier et al., 2015; Obando 
et al., 2018). As discussed above, this issue will surely be aggravated during next 
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decades by increasing atmospheric evaporative demand and decreasing 
precipitation. So, it becomes increasingly important that forest management 
practices in Mediterranean drylands include their impact upon water balances, in 
order to assure water supply for forests, but also for society (Birot et al., 2011). 
Moreover, aforestation and reforestation practices, which are in some cases 
recommended for carbon sequestration-oriented management purposes (e.g. De 
Dios et al., 2007; Lidner et al., 2014; Law et al., 2018), in Mediterranean semi-
arid regions will rebound in increased water loses through evapotranspiration at 
catchment level, and therefore in negative impacts on water yield for 
downstream ecosystems, including society. 
Occasionally water-oriented forest management can be implemented at 
stand-level in order to reduce overall forest evapotranspiration (e.g. Richardson 
and McCarthy, 1994; Robinson and Dupeyrat, 2003; Del Campo et al., 2014; 
Nadal-Sala et al., 2014; Roche et al., 2018; Vicente et al., 2018). However, 
providing the elevated potential evapotranspiration concomitant in the 
Mediterranean area, it is arguable that low-to-moderate interventions may not 
represent any significant change in stand transpiration rather than to very short-
term (Liu et al., 2018b). So, changes in regional land-use policy legislation 
towards a more water-conservative forest management strategy at landscape 
level become increasingly fundamental in Mediterranean drylands (Bouriaud et 
al., 2015; Doblas-Miranda et al., 2017). As an example, usable water exiting from 
forest stands in Andalusia was projected to increase from a reduction in ~45% at 
2050 under no management and climate change conditions, to a reduction of 
only ~10% if adaptive forest management was implemented (Obando et al., 
2018). 
Additionally, stand structure affects both forest fire occurrence probability 
and individual tree's vulnerability to fire (e.g. Wagner, 1977; González et al., 
2006; Fernández, 2009; Stephens et al., 2009; Hanewinkel et al., 2011). Hence, 
proper management practices may promote a forest structure less vulnerable to 
forest fires, as well as a higher degree of canopy hydration, thus reducing leaf 
flammability (Figure 1.13). This is an important output of adaptive forest 
management, providing that it has the potential to mitigate projected increases 
in climate-induced fire occurrence probability. 
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Figure 1.13. Measured differences between percent of leaf hydration in a managed (grey) 
Quercus ilex stand in Poblet during 2012, compared to a unmanaged one (white). Percent of 
leaf hydration was obtained by weighting the fresh leaves, and then re-watering them in a 
pot during 24 hours. The percent of leaf hydration (in %) was then obtained as the percent 
difference in weight between "in situ" leaves and re-watered leaves. For each monthly 
campaign, 5 samples were taken. Student's T-tests between treatments for each month were 
performed ( + = p < 0.1; * = p< 0.05; ** = p < 0.01). 
Interventions focused on minimizing forest vulnerability to fire may range 
from encouraging cattle graze practices in order to reduce shrub layer cover in 
order to create a discontinuity between tree canopy and herb layer, to selective 
thinning and increased rotation length in order to reduce stem density and 
promote higher, taller trees, and thus a forest with a structure less vulnerable to 
fire (e.g. Pollet and Omi, 2002; Jactel et al., 2009; Diamond et al., 2010; 
Hanewinkel et al., 2011; Aponte et al., 2016). Likewise, reducing fuel amount 
inside the forest has also proven to be an effective way to deal with forest fires. 
Prescribed burning has been widely and successfully implemented according to 
this intention (e.g. Ruiz, 2001; Fernández and Botelho, 2003; Marino et al., 2011; 
Fernández et al., 2013; Battipaglia et al., 2016). Furthermore, prescribed burning 
has also been observed to reduce the density of fire prone shrub species, such 
as Ulex parvifolius, while maintaining plant diversity and species richness in a 
Pinus halepensis NE Iberian stand (Fuentes et al., 2018). However, sometimes 
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moderate to high fire intensities or high prescribed burning recurrence have 
been observed to reduce soil quality and soil nutrient content (Alcañíz et al., 
2018). For instance, Muqaddas et al., (2015) found that soil nitrogen content 
decreased if prescribed burning was applied in a recurrence below 4 years, while 
Vadilonga et al., (2008) found that high fire intensities slightly reduced soil water 
holding capacity at the upper layers of the soil after prescribed burning. 
Likewise, prescribed burning has been described to increase post-fire mortality 
in low diameter stems (Keyser et al., 2018). So one should be cautious and take 
into account all possible ecosystem processes that would be affected by 
prescribed burning before applying this management option. 
In addition, forest management implementation in Mediterranean area is 
closely bounded to its economic revenue, as far as economical cycles can have a 
strong impact in the sustainability of forest management practices and their 
application (Lidner et al., 2010). The cork oak "dehesa" decline is a paradigmatic 
example about the indirect negative effects of the economy upon forest 
management practices. The "dehesa" is particular forest system that derives 
from intense forest management practices applied since Middle Ages in arid SW 
Iberian Peninsula. It consists in a savanna-like forest structure, with a herb layer 
suitable for sheep and cow grazing and a sparse tree layer, with very low tree 
densities (i.e. below the 80 trees·ha-1), thus effectively avoiding water resources 
competition among individuals and promoting oak acorn formation (Moreno and 
Pulido, 2009). This higher rates of oak acorn production have been traditionally 
profited for pig breeding (Plieninger and Wilbrand, 2001). Likewise, one of the 
most valuable goods provided by the "dehesa" ecosystem has been the cork 
(Bugalho et al., 2011), as the tree species favored by this management procedure 
is mainly the Cork oak (Quercus suber). Also, "dehesas" present important 
advantages concerning to forest fire prevention, as they create a discontinuity 
between forest canopy and shrub layer due to cattle grazing, as well as they 
separate individual tree canopies, which hinders tree-to-tree canopy fire spread. 
However, their progressive abandonment due to cork economical devaluation is 
promoting a more fire-prone forest structure, with increased shrub layer and 
accumulation of fuel in shrub layer (Bugalho et al., 2011). Thus, the "dehesa" is a 
paradigmatic example about integrative forest management practices to deal 
with the problem of water scarcity in semi-arid environments, in a manner that 
favors both the maintenance of ecosystem functionality and its goods and 
services provision. Unfortunately, it is also a paradigmatic example about how 
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unregulated economy impacts indirectly increase vulnerability of Mediterranean 
forests to future climate-induced disturbances due to land abandonment when 
management is no economically self-sustainable.  
Providing that managing for wood production alone is not economically self-
sustainable in most of Mediterranean forests due to its low productivity (Lidner 
et al., 2014), other goods and services provision should be valued in order to 
avoid further abandonment of forest management practices in Mediterranean 
drylands, as land abandonment derives in forest structures more vulnerable to 
droughts and forest fires. In order to make drylands forest management 
economically self-sustainable, there is a rising interest in valuate forest 
ecosystem goods and services supply as a whole when determining their 
economical importance and their social revenue (e.g. Engel et al., 2008; Bellver-
Domingo et al., 2016; Doblas-Miranda et al., 2017; Sun et al., 2017). For 
instance, a social payment for those management practices that favors forest 
water yield has been proposed (Bellver-Domingo et al., 2016; Susaeta et al., 
2016).  
Likewise, a new paradigm of forest management oriented to carbon 
sequestration arises with carbon credit payments for carbon sequestration in 
standing biomass or captured in final wood products. This management option is 
implemented by reducing stem density in order to decrease forest vulnerability 
to disturbances, with the intention to reduce tree mortality-induced carbon 
release. It also reduces forest carbon turnover by enlarging rotation length in 
order to maximize forest carbon stock during a larger period (Lisky et al., 2001), 
as well as it avoids the fast litter-fall decomposition after intense thinning that 
occurs in more intense management practices (Bellassen and Luyssaeri, 2014). 
Additionally, wood products obtained from bigger trees are more economically 
valuable and present lower carbon turnover rates, thus increasing carbon 
residence time in wood before it is released again to the atmosphere (Gonzalez-
Benecke et al., 2015; Körner, 2017). Furthermore, it has been proposed to 
increase the amount of wood used in building construction (e.g. Gustavsson et 
al., 2006; Bellassen and Luyssaeri, 2014; Gustavsson et al., 2017), in order to 
increase carbon residence time in more long-lasting wood products and reduce 
carbon emissions when compared to the use of other construction materials. 
However, as trees grow older and bigger they accumulate respiring biomass, so 
it is expected that bigger trees present lower carbon use efficiency values (e.g. 
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Collalti et al., 2018). It will lead to lower water use efficiency in wood formation. 
Again, therefore, the subtle balance between carbon sequestration capacity, 
wood production and water use appears.  
Additionally, another economically-oriented management option is to include 
non-woody products provision enhancement when designing future forest 
management practices. For instance, the optimal management for a Pinus nigra 
stand that maximizes both the timber production and the edible mushroom 
production in Catalonia has been tested (Palahí et al., 2009). Likewise, it has 
been observed that moderate thinnings enhance edible mushroom productivity 
(de-Miguel et al., 2014). Similarly, Spanish Pinus pinaster plantations have been 
successfully managed for resin extraction in addition to wood extraction (Prieto-
Recio et al., 2015).  
Moreover, forest management is an important tool in order to adapt 
Mediterranean forests to future climate conditions. However, despite stand-
scale interventions may promote better adapted forest structures at local scale, 
a close interaction between forest owners, forest managers and policy-makers, 
together with a deep knowledge about the underlying ecophysiological 
processes that will drive the consequences of forest management interventions 
under climate change, is required to determine the best management option at 
regional scale (Binkley et al., 2017, Doblas-Miranda et al., 2017). In our opinion, 
management practices of Mediterranean forests under climate change should be 
mainly addressed to: a) maintain forest ecological functionality, b) maintain 
forest goods and services provision to society, and c) make forest management 
socially appealing and economically self-sustainable. 
Therefore, there is an increasingly need for the development of integrative 
and adaptive management procedures to be implemented at regional scale. 
Given the swiftness of changes in climate conditions in Mediterranean area, 
those management procedures should be flexible enough to include periodical 
revisions of projected interventions, in order to integrate both the most recent 
scientific knowledge on forest ecophysiology, and the increasing magnitude of 
the impact of ongoing climate change. Here is when forest growth simulation 
models are required.  
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1.12 Forest simulation models: how to grow a forest without dying in the process 
Forest ecosystem's dynamics are complex. They operate at very wide time-
scales, either from the almost instantaneous leaf gas exchange to the long-term 
stand structure dynamics, inter-specific competition and forest community 
changes. Furthermore, current observations of forest-environment interactions 
may not be extrapolable to the transient climate conditions projected for the 
near-future, either by ecosystem abrupt regime shifts -i.e. tipping points- or by 
unprecedented non-linear correlations (e.g. Bontemps et al., 2009; Craig, 2010; 
Hughes et al., 2013; Reyer et al., 2015; Figure 1.14).  
 
Figure 1.14. Correlational models (red line), between observed ecosystem process responses 
to environmental drivers (dots) are limited in their ability to extrapolate to unprecedented 
environmental conditions (circles) - e.g. increasing atmospheric [CO2]. 
In order to evaluate forest responses to different environmental drivers and 
human interventions (e.g. climate change, forest management procedures, inter-
specific competition, alien species invasion), there is an urgent need for 
developing process-based models (PBMs) (i.e. merged mathematical descriptions 
of basal ecological processes that drive forests dynamics), which are able to 
simulate forest growth under different environmental conditions and 
management practices, as well as improving the existing ones by training them 
with the most recent observations (Houlahan et al., 2017). Should PBMs not 
exist, it wouldn't be possible to project forest growth under non business as 
usual climate or management conditions, without actually measuring it. Instead, 
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it would require as much measuring time as forest requires to grow to reach any 
conclusion, thus making anticipation to future scenarios impossible. 
In addition to a proper process mathematical description, a key element for 
ecological processes simulation in PBMs are the parameters that drive the 
equations. Those parameters may be site-specific, species-specific, plant 
functional type-specific, and so on. Therefore, obtaining proper and scientifically 
sound parameters to run PBMs requires an elevated effort, either by field 
measurements or experimentation (e.g. photosynthesis An/Ci curves, basal area 
increment measurement, sap flow data), by literature research, or by 
implementing statistical parameterization methods when parameter values are 
not available or even not possible to be measured directly in the field [e.g. 
Bayesian inversion methods (Ellison, 2004); see Hartig et al., (2012) for a 
review]. Furthermore, how to train simulation models with recent observations, 
in order to reduce parameter uncertainty, and thus increase model output 
robustness, is nowadays one of the most exciting challenges in the 
computational ecology (Dietze et al., 2018). 
It is worth nothing that, although being mathematical descriptors of natural 
processes based on observations, each PBM includes a certain degree of 
subjectivity within its assumptions. Modeler point of view conditions model 
outputs in a multiplicity of ways: either by the selection of the mathematical 
description of a given process [e.g. the empirical Leuning model (Leuning, 1995) 
VS the theoretical Optimal Stomatal Behavior (Medlyn et al., 2011), for stomatal 
conductance]; either by decisions on process descriptions or parameter values 
obtained by expert judgment but not supported by empirical evidence [e.g. 
unknown prior distribution, and likelihood function election, when running a 
Bayesian model inversion (e.g. Oppenheimer et al., 2016)]; either by choosing 
the chosen degree of accuracy - and I am using accuracy here as a synonym for 
model projections fit to observations- for a given process description. The 
election on the degree of accuracy when describing a giving process implies a 
decision about the number of parameters needed to model that process. Often, 
increasing parameter's number may increase model accuracy. However, it is 
done at expenses of increasing parameter uncertainty and computation 
requirements (e.g. Dietterich, 1995; Clausnitzer et al., 1998; Dietze, 2017). 
Furthermore, over-fitting to observations leads to loss of predictive power 
(Hitchcock and Sober, 2004). Moreover, for the same number of observations, 
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each additional parameter that has to be estimated increases parametric 
uncertainty for all other model parameters [i.e. the bias-variance tradeoff (Hastie 
et al., 2009)]. So, a compromise shall be achieved within each model by both 
maximizing accuracy and minimizing the number of input parameters required 
(Hawkins, 2004). This is, maximizing parsimony (Akaike, 1998).  
Furthermore, there are other sources of subjectivity in model's internal 
process integration hierarchy, iteration time-step election and/or integrative 
scale (e.g. Leffelaar, 1990; Fontes et al., 2010; Dietze, 2017). For instance, 
concerning iteration time-step, each model must reach a compromise between 
the fact that each iteration propagates projection error into further iterations, 
thus increasing model output uncertainty (Reed, 1999), and the fact that 
processes often occurs at a short time-scale, being highly sensitive to input 
environmental drivers -e.g. small hourly changes in VPD lead to large differences 
in iWUE (e.g. Barton et al., 2012), and this would not be accounted for a model 
running at a monthly or a yearly basis with average VPD conditions-. 
Additionally, models tend to reach some sort of model-specific internal 
cohesion between the processes that they describe, as they must have to be 
coupled internally. This internal cohesion may lead to strong sensitivity of model 
outputs to changes in processes formulations, thus hindering model 
improvement as better process descriptions become available. For instance, 
Bugmann et al., (2019) found that in most of 15 analyzed dynamic vegetation 
models across Europe, changes in mortality process description lead to changes 
in long-term model projections in a similar magnitude than different climate 
change scenarios. All of this translates in that, as even the most evidence-based 
PBMs are subjective and incomplete modeler's representation of reality, all 
models are fundamentally wrong. However, some of them are useful (Box, 
1979), as PBMs integrate current descriptions of forest ecophysiological 
processes, merged together by the expertise of the modeler, thus allowing to 
generate projections of forest dynamics with a given degree of uncertainty. So, 
beyond the evaluation of forest systems performance under different 
environmental conditions, in order to help stakeholders and policymakers to 
reach decisions about forest ecosystem management procedures, PBMs 
projections may also help scientists to identify gaps and weaknesses on forest 
processes knowledge, and to define their experimental efforts accordingly. 
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Abstract: 
GOTILWA+ is a process-based forest dynamic simulation model. It has been 
the main tool used in this thesis to anticipate climate change impacts on sub-
humid forest performance. In this chapter, main GOTILWA+ model processes 
are described, as well as their internal hierarchical integration. Carbon and water 
fluxes interactions are described, as well as how stand structure (e.g. carbon 
allocation, tree mortality) is altered by changes in such fluxes. Finally, a section 
about how forest management is implemented in GOTILWA+ is also present. 
In addition, three examples of GOTILWA+ application are provided: the first 
one evaluates carbon stock capacity (CSC) projections sensitivity to soil depth 
for 500 Iberian Aleppo pine (Pinus halepensis Mill.) stands. Simulations suggest 
that considering 1m soil depth instead of 0.25m soil depth increases about a 
50% P. halepensis stands CSC by the end of the century, independently of the 
climate change scenario. Furthermore, differences between the two soil depths 
peak in between extremely limiting climate conditions, and non-limiting 
precipitation conditions (i.e. 450<P<600 mm·year-1, and T< 18 ºC). Furthermore, 
the more annual precipitation, the less Aleppo pine stands' CSC is sensitive to 
changes in soil water holding capacity. 
For the second example, changes in the ecophysiology of Scots pine (Pinus 
sylvestris L.) under climate change were evaluated. GOTILWA+ was used to 
simulate 64 Scots pine Spanish stands growth under climate change. Simulations 
suggest that P. sylvestris stands will increase the percent of precipitation 
mobilized through ET, both by a reduction in P and an increase in ET, thus 
implying less water availability for ecosystems downstream. They also suggest 
that P. sylvestris stands' carbon sink capacity will decrease along 21th century. 
Lastly, the impact of several forest management procedures on several forest 
ecophysiology indicators were evaluated for a Pinus sylvestris L. and a Quercus 
ilex L. stands in NE Spain, under contrasting climate change scenarios. 
Management would enhance stand water use efficiency and carbon use 
efficiency for both three species. Conversely, little changes in transpiration over 
precipitation (T/P) should be expected, even under intense management. 
Moreover, simulations suggest that the more extreme climate change, the more 
impact would have forest management in Poblet's stands ecophysiology. 
Key words: Forest ecophysiology; forest management; GOTILWA+; process-
based modeling; climate change projections. 
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2.1 The GOTILWA+ model 
GOTILWA+ (Growth Of Trees Is Limited by WAter, 
http://www.creaf.uab.cat/gotilwa/) is a process-based forest growth simulation 
model (Gracia et al., 1999; Keenan el al., 2009b,c; Fontes et al., 2010; Nadal-Sala 
et al., 2014; Nadal-Sala et al., 2017a). It simulates forest growth under different 
climates, tree species stand structures, soil traits and management regimes. 
GOTILWA+ describes carbon and water fluxes through mono-specific forests, 
and has been applied on a wide range of environmental conditions, from boreal 
northern Europe to Mediterranean basin, and in the Ecuadorian Andes in 
Polylepis reticulata tree species and also in Australian Eucalyptus saligna 
plantations. Its programme code is built using Microsoft Visual Basic (6.0) 
platform. GOTILWA+'s calculations are hourly based, and are then integrated 
into daily, monthly and yearly values. 
 
 
Figure 2.1. Schematic representation of GOTILWA+'s processes and their interactions with 
environmental drivers and management procedures. Scheme developed by Santi Sabaté and 
Carlos Gracia. 
 GOTILWA+ model has been tested using data from Forest Inventories (e.g. 
National Forest Inventories), carbon and water flux data, as well as compared to 
other process-based models (see Kramer et al., 2002, Morales et al., 2005). 
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Additionally, GOTILWA+ has been successfully applied Europe-wide (see 
Schröter et al., 2005; Keenan et al., 2009a,b; Keenan et al., 2010; Keenan et al., 
2011; Serra-Diaz et al., 2013; Reyer et al., 2017; Bugmann et al., 2019). 
In GOTILWA+, trees are grouped by DBH size classes. All individuals within a 
DBH class are treated mostly as identical. Light extinction coefficient is 
estimated using Campbell’s equation (Campbell, 1986). Photosynthesis is 
calculated according to Farquhar’s model (Farquhar and Von Caemmerer, 1982). 
Stomatal conductance follows the Leuning, Ball and Berry approach (Leuning, 
1995). Leaf temperature is determined by closing leaf energy balance according 
to Gates (1962; 1980). Potential evapotranspiration is estimated by Penman–
Monteith equation (Monteith, 1965; Jarvis and McNaughton, 1986). Two 
canopy levels are differentiated when performing model calculations: the sun 
leaves (all the leaf area to a maximum of 1 mleaf
2·mground
-2), and the shadow 
leaves (all the leaf area further than this threshold). There is, however, no explicit 
description of the leaf area horizontal distribution. 
2.1.1 Input and Output Variables 
GOTILWA+ input data includes: climate (maximum and minimum daily 
temperatures (ºC), daily rainfall (mm), wind speed (m·s-1), incident radiation 
(MJ·m-2·day-1) and atmospheric CO2 concentration (ppm). Stand characteristics 
(tree structure including the structure of the canopy; DBH class distribution in 
trees·ha-1); tree physiology (photosynthetic and stomatal conductance 
parameters, specific growth and maintenance respiration rates, allometric 
relationships between DBH and tree structural organs), site conditions including 
soil hydrological characteristics, soil respiration characterizations, and also forest 
management criteria. 
Many output variables can be extracted from the model. These can be 
separated into three main categories: canopy variables, tree and stand structural 
variables, and root and soil variables: 
Canopy variables include: Gross Primary Production, Net Primary Production, 
Net Ecosystem Exchange, Leaf Area Index, Transpiration, Water Use Efficiency, 
Leaf Production, Leaf Respiration, Leaf Biomass, Mean Leaf Life, Growth Activity 
and The Length of the Growing Season.  
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Tree and Stand structural variables include: Tree Density, Sapling Density, 
Basal Area, Sapwood Area, Mean Quadratic Tree Diameter, Vigour Index, Tree 
Height, Wood Production, Wood Respiration, Mobile Carbohydrates, Tree Ring 
Width, Aboveground Biomass, the Weight of the Sapwood Column, Wood 
Volume, Dead Wood Volume and Yield (when considering management). 
Root and Soil variables include: Soil Temperature, Water Stored in Soil, 
Phreatic Water Uptake, Fine and Gross Litter Fall, Soil Organic Carbon, Fine 
Root Biomass, Fine Root Production, Fine Root Respiration, Heterotrophic 
Respiration, Maintenance Respiration and Growth Respiration. 
2.1.2 How GOTILWA+ copes with processes: 
In GOTILWA+, transpiration and photosynthesis processes start at the very 
basic physiological leaf level. Figure 2.2 shows a schematic of such processes 
occurring at the most fundamental compartment, the leaf. There, photosynthesis 
and transpiration are hourly calculated dynamically, based on species-specific 
physiological constants and environmental drivers.  
 
Figure 2.2. A schematic diagram of the representation in GOTILWA+ of the photosynthetic 
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The key environmental drivers are soil water availability, air temperature, 
vapour pressure deficit, incident radiation providing the shape of the canopy, 
wind speed, and atmospheric CO2 concentration. Using these data, the response 
of forest processes is calculated to estimate carbon and water fluxes. 
From hourly incident radiation, wind speed, soil water content and air 
temperature, leaf energy balance is closed according to Gates (1962, 1980). 
After determining iteratively the leaf stomatal conductance and the leaf 
temperature that closes the energy balance, hourly transpiration rates are 
calculated according to the Jarvis and Davies (1998) approach. Two types of 
transpiration (E, in molsH2O·m
-2·min-1), are accounted for - i.e. Eq in molsH2O·m
-
2·min-1 is related to incoming radiation and it is independent of stomatal 
conductance. Ei, on the other hand, is determined from air vapour pressure 
deficit and canopy conductance-. The relative importance for Eq and Ei is 
determined by a decoupling factor (W) from atmospheric conditions, that ranges 
from 0 to 1. W is strongly influenced by the boundary layer of the leaf, which in 
turn strongly depends on leaf morphology and on wind velocity. The greater W, 
the less E depends on stomatal conductance (equation 2.1): 
 
E = W ·  E  +   (1 − W) · E    Equation 2.1] 
 
In GOTILWA+, assimilation rates are estimated using the biochemical model 
of photosynthesis in leaves of C3 plants by Farquhar et al., (1980) and Farquhar 
and von Caemmerer, (1982). Intercellular carbon concentration (Ci, mmols·mol
-1) 
is in a dynamic equilibrium with atmospheric carbon concentration (Ca, 
mmols·mol-1), and with tree physiology due to dynamic calculation of stomatal 
conductance. In the Farquar model, two different assimilation rates are 
calculated from the Ci: the assimilation rate limited by RuBisCO activity and 
carboxylation efficiency (Ac, in mmol·m
-2·s-1), and the assimilation rate limited by 
photosynthetic electron transport rate (Aj, in mmol·m
-2·s-1). Net assimilation is 
then established as the minimum between Ac and Aj, after discounting leaf dark 
respiration (Rd, in mmol·m
-2·s-1). Thereafter, Gross Primary Production (GPP) is 
calculated as the integral of the net assimilation for all leaf biomass. 
Reduced soil water availability implies both reductions in carbon diffusion 
through the leaf and biochemical limitations upon photosynthesis (e.g. Xu and 
Baldocchi, 2003; Keenan et al., 2009a; Keenan et al., 2010; Zhou et al., 2014; De 
Chapter 2 | The GOTILWA+ model 
113 
Kawe et al., 2015). Constrains in photosynthesis due to low water availability are 
implemented in GOTILWA+ at the biochemical level (Keenan et al., 2010) as 
follows: After reaching a species-specific threshold limit of soil water content 
above which there is no water availability constrains upon photosynthesis 
(SWCmax, in mm), Farquar model's Vcmax and Jmax are multiplied by a factor 
(Wfac) that ranges from 1 (no SWC limitation) to 0 (absolute SWC limitation) 





)    Equation 2.2] 
 
Here, SWCa is the available soil water content (in mm), SWCmin (in mm) is the 
SWC threshold below which assimilation is entirely limited by soil water 
availability, and SWCmax (in mm) is the SWC threshold above which there is no 
constrains in assimilation due to low SWC; q is an empirically determined scaling 
factor. Low q values imply a smoother effect of decreasing SWC upon 
assimilation, whereas high q values imply a sharper decline of assimilation 
following SWC depletion. Therefore, in practice Wfac limitations upon Vcmax 
and Jmax integrate both reductions in stomatal conductance and biochemical 
limitations, as well as mesophyll conductance reductions (Drake et al., 2017). 
So, GPP in GOTILWA+ depends on the radiation intercepted by the canopy, 
species-specific photosynthetic capacity, leaf temperature, Ca, Ci and soil water 
availability. 
Net Primary Production (NPP) is then obtained from GPP minus maintenance 
respiration (MR) following equation 2.3: 
 
NPP =  GPP –  
  
  
    Equation 2.3] 
Where NPP and GPP are expressed in kg·hour-1·ha-1, MR is maintenance 
respiration, expressed in kcal·hour-1·ha-1 and EE is the energetic equivalence of 
organic matter, assumed as a constant value of 9.4·103 kcal·kg-1. 
MR is determined by the sum of the respiration of leaf biomass, fine root 
biomass and living wood biomass. Living wood biomass is set as a species-
specific percentage of wood biomass, and includes the phloem. MR rates 
changes following temperature in a Q10 approach, according to Equation 2.4: 





      Equation 2.4] 
 
 
Figure 2.3. Simulation of a Pinus sylvestris stand in Peitz (Germany) under observed 
meteorological conditions. 1977 summer (Red arrow) presented low water availability. 
Thereafter, Gross Primary Production (GPP) was limited. Conversely, Autotrophic Respiration 
(AR) presented the similar pattern than previous years. Hence, Net Primary Production (NPP) 
turned to negative during a long period. Mobile carbohydrate reserves (MCH) were then 
depleted below mortality threshold, so mortality occurred. Even during winter there was no 
GPP and NPP was still negative due to AR losses, so mortality occurred until carbon reserves 
were refilled during 1978's spring. 
 
Where Q10T is the Q10 value at a given tissue temperature, Q1025 is the 
standardized value of Q10 at 25 ºC and TT is the tissue temperature in ºC. 
Furthermore, GOTILWA+ differentiates between respiration rates of structural 
and non-structural carbohydrates. Respiration rate is 33.3 kcal·kg-1·day-1 at 25ºC 
for structural carbohydrates and 55.5 kcal·kg-1·day-1 at 25ºC for non-structural 
carbohydrates, following Ovington (1961). 
 
   = B ·  10  ·       Equation 2.5] 
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MR is the tissue maintenance respiration for a given tissue and a given 
temperature, in kg·ha-1·hour-1, B is the amount of respiring biomass of a given 
tissue, in kg·ha-1, Q10T is obtained plugging in tissue temperature in equation 
2.4. Finally, RRC is the respiration rate for a carbon fraction –i.e. structural or 
non-structural carbon fraction– in kcal·kg-1·hour-1. 
 
NPP is then allocated through the tree compartments following a set of 
hierarchical decision criteria. First, NPP refills tree mobile carbohydrates (MCH) 
reserve up to the maximum replenishment values. Then, NPP is used to 
optimally equilibrate leaf area, fine root biomass and sapwood area (Trugman et 
al., 2018), according to the pipe model (Shinozaki et al., 1964). When new 
tissues are produced, carbohydrates are also spent on growth respiration (GR). 
GR is set as 32% of the invested carbohydrates for growth - i.e. a constant 
efficiency of 0.68 g of new tissue per g of carbohydrate invested (Ovington, 
1961). Finally, if there is still NPP available, trees generate new sapwood area, 
new leaf area and new fine root biomass with a proportion according to the pipe 
model and accounting for  GR costs as described above. 
 
 
Figure 2.4. Flow diagram of carbon allocation and mortality hierarchical criteria followed by 
GOTILWA+. Red boxes represents main hierarchical questions. Green boxes represent main 
processes involved. 
When assimilation is not enough to compensate respiration demands, NPP 
values turn to negative. If so, trees are able to mobilize MCH reserves in order to 
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fulfil metabolic carbon requirements. When MCH pool is fully available, it can be 
depleted without consequences for tree individuals. When MCH reserves fall 
close to the mortality threshold, trees suffer from leaf shedding and fine roots 
mortality. If carbon starvation continues and MCH falls below a certain species-
specific threshold, a tree mortality event occurs. Mortality also occurs if a given 
diametric class is completely defoliated and MCH are not available anymore, 
during the vegetative period for deciduous tree species or at each moment of 
the year for the evergreen ones (Bugmann et al., 2019; Figure 2.4). 
Concerning mortality, GOTILWA+ does not consider a homogeneous 
distribution of mobile carbon reserves within a given DBH class. Therefore, as 
the pool of MCH is not homogeneously distributed, GOTILWA+ considers that 
there are trees in a better life state than others within a given DBH class. The 
number of dead trees is established as follows: The number of trees that can be 
sustained by the current amount of MCH is calculated. Then, the mortality 
within a DHB class is established as the difference between the current number 
of trees and the number of trees that current MCH can sustain. In addition to 
MCH, the rest of tree structural compartments -i.e. fine roots biomass and leaf 
area- are restructured accordingly. 
 
Figure 2.5. Self-thinning processes in a simulated Pinus sylvestris 4000 trees·ha-1 
plantation in Poblet (Catalunya, NE Spain). Resulting self-thinning slope coefficient (-0.88) 
after a linear 95% envelope analysis is very close to the theoretical -1 hypothesized by Yoda, 
(1963). 
Soil acts as a water reservoir during times of no precipitation, and therefore 
determines the amount of water available for trees during the year (David et al., 
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2016). Thus, an accurate description of soil properties is crucial to adequately 
model forest growth (Medlyn et al., 2011).  
GOTILWA+ divides the soil into two compartments. The first compartment is 
the unsaturated soil compartment, the one that interacts dynamically with 
precipitation. It is divided into two layers: the organic and the mineral soil. 
During a rain event, soil water content (SWC, in mm) in unsaturated zone is 
modified as follows: first, a fraction of precipitation related to current LAI and an 
empirical coefficient is intercepted by tree canopy in form of evaporation. 
Afterwards, the resulting amount of water is added to the SWC. If SWC exceeds 
soil water holding capacity, the extra water leaves the plot in form of runoff. 
Finally, SWC is depleted biologically, through tree transpiration, and physically, 
in form of drainage out of the plot (Figure 2.6). 
 
Figure 2.6. Comparison of GOTILWA+ simulated water stored in soil (a, in mm) and Drainage 
+ Runoff dynamics (b, in mm·day-1) between a plot with (green) or without (orange) a 
Quercus ilex population. Climate input is the 2016 observed Cànoves meteorological time-
series (Pasqual-Benito et al., Under review). Notice that during vegetative period (DOY > 
120), forest transpiration implies a swift decrease in water stored in soil. Thus, soil water 
extraction due to biological activity is the most important factor during vegetative period. In 
addition, it is also worth noting the peaks in Drainage + Runoff corresponding to days with 
high precipitation, which are higher in the non-forested stand. 
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In GOTILWA+, unsaturated soil water holding capacity (in mm) is calculated 
from effective soil volume, which is calculated from soil depth and stoniness, and 
the water filled porosity, dependent on the amount of soil organic carbon (in 
gC·g-1). Soil organic carbon depends on aboveground and belowground organic 
matter inputs and heterotrophic respiration outputs. Accordingly, fine litter fall 
(e.g. leaves), gross litter fall (e.g. bark, branches, dead stems) and mortality of fine 
and coarse roots add carbon to soil. Soil organic carbon is then decomposed 
depending on to which layer it belongs, with decomposition rates depending on 
a Q10 approach based on soil temperature. Decomposition rates also depend on 
SWC. Soil temperature is calculated from air temperature using a moving 
average of 30 days to account for soil's thermal inertia.  
The second compartment is the water saturated soil compartment, hereafter 
referred as the saturated layer, in contrast to the above mentioned unsaturated 
soil layers. It represents the water saturated layer of the soil due to the influence 
of an underground flow or a phreatic water table. 
GOTILWA+ considers that in saturated layer SWCs always equals to field 
capacity, whereas in unsaturated layers SWCu it varies dynamically during the 
year. Tree population interacts with saturated zone by a coefficient of water 
uptake from saturated layer under no SWCu limitations (a). It ranges from 0 to 1, 
being 0 for strict non-phreatophitic and 1 for strict phreatophitic tree species, 
with all its fine roots embedded into saturated soil. In a hourly basis, available 
soil water content (SWCa, in mm) is calculated following Equation 2.6: 
 
      =     (1 − a ) +     a   Equation 2.6] 
Equation 2.6 implies that trees capable to uptake water from saturated soil 
layer will have more favourable water balances than the trees that are not, as 
their SWCa will be always higher for the same SWCu. 
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2.1.3 Forest management in GOTILWA+ model 
Forest management  procedures are the successive human interventions on 
forest structure during a given time period (from less than a decade to more than 
a century), in order to adapt forest structure to one or more management 
objectives. Providing the transient climate conditions, and yet multiple possible 
forest management objectives, forest management must integrate both 
ecosystem processes maintenance and forest goods and services provision to 
human society (e.g. Aranda and Herath, 2009; Bouriaud et al., 2015; Lagner et 
al., 2017), so that a multi-objective approach has to be taken into account when 
planning for future forest management practices (Baral et al., 2016). 
Forest management in GOTILWA+ is implemented through predetermined 
successive interventions on forest structure. Those successive interventions are 
implemented as inputs to the model, and they are applied during the simulation 
in a pre-established moment. GOTILWA+ allows to simulate forest management 
both in plantations and in mature forests, with both even-aged and uneven-aged 
criteria. Interventions can be applied based on different forest structure 
variables (i.e. tree density, standing volume, aboveground biomass and basal 
area), and they require as an input the intensity of the intervention, as well as 
the type of thinning applied (tending, thinning from above, thinning from below, 
or mixed thinning). In addition, there can be tree regeneration after each 
thinning, providing that forest management open gaps in the forest canopy and 
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2.2 Sensitivity of GOTILWA+ projections to soil depth (Adapted from Nadal-Sala et 
al., 2017c): 
Water availability is the most limiting factor for tree carbon uptake worldwide 
(e.g. Nemani et al., 2003; Humphrey et al., 2018). In Aleppo pine (Pinus halepensis 
Mill.) Spanish stands annual precipitation is often less than a half of evaporative 
demand. Furthermore, strong precipitation seasonality in the Mediterranean 
imply that during summer, when evaporative demand is maximum, there is little 
water input to the forest through precipitation. Therefore, soil water holding 
capacity, closely related to soil depth (Milly, 1994), becomes crucial for Aleppo 
pine stand's productivity and growth (Klein et al., 2011). 
Here we aimed to evaluate Spanish Aleppo pine stands carbon stocking 
capacity (CSC, in Mg·ha-1) sensitivity to different soil depths, under different 
climate change scenarios. Therefore, with GOTILWA+ we simulated 500 Spanish 
P. halepensis stands' CSC assuming two contrasting soil depths (i.e. a shallow soil 
of 0.25 m soil depth, and a deep soil of 1 m soil depth), and under two 
contrasting climate change scenarios [i.e. moderate CGCM2 (Yukimoto et al., 
2001), and extreme ECHAM4 (Roeckner et al., 1996) Global Circulation Model 
projections; under optimistic B2 and pessimistic A2 (IPCC, 2007) socio-economic 
scenarios. Note than B2 and A2 both match well with RCP 4.5 and RCP 6.0 
(IPCC, 2013) radiative forcing scenarios, respectively]. For climate inputs, we 
used 2005-2100 monthly climate projections from Ninyerola et al., (2007a; 
2007b), disaggregated into daily meteorological time-series with the RheaG 
Weather Generator (Nadal-Sala et al., 2019). 
Simulations suggest that Aleppo pine stands' carbon uptake capacity would be 
strongly limited under extreme climate change scenario, compared to the 
moderate one, with mean projected CSC by year 2100 of 53-81 MgC·ha-1 under 
ECHAM4-A2 conditions, depending on soil depth, compared to 64-96 MgC·ha-1 
under CGCM2-B2 conditions (Figure 2.7). Therefore, our simulations suggest 
that rising temperatures and reduced precipitation would be able to offset 
increasing atmospheric CO2 fertilizing effects on photosynthesis in the extreme-
case scenario. Furthermore, simulations also suggest a latitudinal gradient of 
CSC, with north-eastern Iberian Aleppo pine forests being able to capture more 
carbon than southern ones. 
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Figure 2.7: Distribution of simulated carbon sink capacity (CSC, MgC·ha-1) at year 2100, for 
the 500 Spanish P. halepensis stands. Deep (shallow) soils are represented as solid (dashed) 
lines for each climate scenario. Coloured arrows indicate average CSC values for any given 
combination of climate change scenario and soil depth. Data from Nadal-Sala et al., (2017c). 
The latitudinal component is also observed in the sensitivity of CSC on soil 
depth, with deeper soils in north-eastern stands resulting in higher increases in 
CSC than in the more climate-limited southern stands (Figure 2.8, upper panels). 
Results also suggest that forests growing at 1 m soils increase about a ~50% its 
CSC by the end of 21th century, relative to the same forests growing in a 0.25 m 
soil. Furthermore, under highly limiting environmental conditions (i.e. annual 
precipitation below 450 mm·year-1 or mean annual temperatures above 18 ºC), 
the positive effect of a deeper soil in CSC is reduced due to extreme aridity  
(Figure 2.8, lower panels). Also, our results suggest that CSC sensitivity to soil 
depth decreases under higher annual precipitation, which is consistent with 
observations [see Senevirante et al., (2010) for a review]. Therefore, at higher 
annual precipitation and less rain seasonality, water requirements for tree 
performance are increasingly satisfied by rain input, and thereafter reduced soil 
water holding capacity of the shallower soil becomes less limiting for CSC than 
under more arid conditions (e.g. Bonan, 2008). 
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Figure 2.8. Simulated increases in carbon sink capacity (CSC, in Mg·ha-1) at the end of 21th 
century for 500 Spanish Pinus halepensis stands considering a deep soil (1m) compared to a 
shallow soil (0.25 m), and for the climate change scenarios considered. Lower panels indicate 
the 95% envelopes (CGCM2-B, green dots and ECHAM4-A2, orange dots) of those 
increments related to stand environmental conditions (mean annual precipitation, left; mean 
annual temperature, right). Modified from Nadal-Sala et al., (2017c). 
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2.3 Example of application to Spanish National Forest Inventory (IFN) (Modified 
from Nadal-Sala et al., 2017a): 
Growth and water use of 64 Pinus sylvestris Spanish stands were assessed. 
Sites were randomly selected from the second Spanish National Inventory Data 
(IFN2). The sampling criteria was: a) Just Scots pine (Pinus sylvestris L.) pure 
stands were included,  b) we considered pure stands those in which 80% of total 
basal area is belonged to Scots pine, as well as the stem density in the plot was 
greater than 200 trees·ha-1 during the IFN2 (year 1995), c) initial sample was 
formed by 100 random stands. From these stands, managed sites or the ones 
that experienced forest fires during the IFN2 (year 1995) - IFN3 (year 2005) 




Figure 2.9. a) Frequency distribution of the differences in basal area increment (BAI, in 
m2·year-1) for the 64 Pinus sylvestris plots between GOTILWA+ best fit soil simulation and 
IFN2-IFN3 inventories observed values. Positive values indicates overestimation in 
GOTILWA+ simulations, while negative values indicates underestimation. b) Plot distribution 
for the 1971-2010 reference period mean annual precipitation and mean annual 
temperature axis. The size of the dot indicates the degree of deviation from the IFN 
predictions. Thus, small dots represent underestimation by GOTILWA+, while big dots 
represent overestimation. From Nadal-Sala et al., (2017a). 
 
Due to lack of information about soil conditions, three simulations under 
three different soil characteristics (soil depth equal to 0.25, 0.5, and 1 m) were 
run for each stand. In order to obtain the input climate drivers, ECHAM4 
(Roeckner et al., 1996) General Circulation Model was combined together with 
two socio-economic scenarios (optimistic B2 and pessimistic A2) from IPCC 
(2007), thus obtaining two possible combinations of scenario projections: 
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ECHAM4-B2 and ECHAM4-A2 as a description of future climate, being 
ECHAM4-A2 the extreme-case scenario. 
As in previous section, observed (Niñerola et al., 2007a, 2007b) climate 
conditions were used as climate input, after downscaling monthly climate data 
into daily meteorological data with the RheaG Weather Generator (Nadal-Sala et 
al., 2019). Simulated annual basal area increment (BAI) was then compared to 
IFN2-IFN3 observed annual BAI, and the soil depth that minimized the 
difference between the observed and modelled BAI was selected for each plot in 
order to run the long-term simulations. According to Figure 2.9, Root Mean 
Square Error (RMSE) between observed and simulated BAI was 0.473, with 51% 
of plots within the ± 0.25 m2·ha-1·year-1 range, and 77% of the plots within the ± 
0.5 m2·ha-1·year-1 range. Besides, there is no precipitation related trend in 
differences between observed and modelled basal area increments (Figure 2.9b). 
However, GOTILWA+ systematically slightly overestimates BAI in warmer P. 
sylvestris plots. 
In both scenarios considered (Figure 2.10), GPP was projected to increase 
along 21th century, as a result of higher Tair and CO2 fertilisation effect on 
photosynthesis (e.g. Keenan et al., 2013). This increase in GPP was greater in A2 
than in B2 scenarios. However, Net Ecosystem Exchange (NEE, in MgC·ha-1·year-
1) became less negative along the 21th century for both climate change scenario 
projections. Thus, an overall reduction in carbon sink capacity of Scots pine 
forests in Spain should be expected, following the increase in mean annual 
temperatures. 
With regard to forest water balances, simulated fraction of the precipitation 
transpired by the forest increased along the 21th century, thus implying a 
decrease in the water amount exiting the plot in form of drainage and runoff. 
This decrease in water yield will imply severe consequences for downstream 
riparian ecosystems, as well as for human society (Otero et al., 2011). According 
to our projections, the more severe climate change, the more fraction of 
precipitation returns to the atmosphere in form of evapotranspiration, and thus 
the less water available downstream the stand.  
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Figure 2.10. GOTILWA+ projections for the 21th century Spanish Pinus sylvestris forests' 
carbon and water balances. Mean Gross Primary Production (GPP, Mg·ha-1·year-1), Net 
Ecosystem Exchange (NEE, MgC·ha-1·year-1), fraction of the precipitation transpired by tree 
population (unit less), and Drainage + Runoff leaving the plot (mm·year-1) for all sites are 
indicated between 2000 and 2100, both for the A2 and the B2 socio-economic scenarios. 
Grey lines represent the yearly mean values for the 64 plots, and black and red lines 
represent the 10 years average trend for the A2 and B2 socio-economic scenarios. From 
Nadal-Sala et al., (2017a). 
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2.4 Forest management evaluation example (Modified from Nadal-Sala et al., 
2017d). 
ORGEST forest management procedures from the Generalitat de Catalunya 
and the Centre de la Propietat Privada are a very useful tool to systematize 
forest management procedures in Catalunya (North-Eastern Spain). However, as 
they rely on statistical descriptors of Catalan forests structure and growth 
contained in the Inventari Ecològic i Forestal de Catalunya (IEFC, Gracia et al., 
2004). Therefore, they assume steady state conditions in forest growth 
projections, so they aren't able to properly anticipate forest growth under 
transient climate conditions such as climate change (Fontes et al., 2010). 
Holm oak (Quercus ilex L.) is expanding its distribution in detriment of Scots 
pine (Pinus sylvestris L.), due to increases in aridity (e,g. Galiano et al., 2010, 
Aguadé et al., 2015) in Les Muntanyes de Prades Natural Park (41.29º N, 1.06º 
E, 550 m.a.s.l), which have a more negative impact on Scots pine growth than in 
Holm oak. There, we evaluated two Catalan Government's ORGEST forest 
management procedures for Scots pine  (Piqué et al., 2011), and two for the 
Holm oak (Vericat el al., 2011), under three different climate change conditions. 
Then, we compared managed stands with unmanaged stands performance. We 
evaluated stand performance through four objective variables [water 
transpired/precipitation (W/P, unitless), Respiration Footprint (fraction of gross 
primary production expended in autotrophic respiration, RF), net primary 
production per unit of water transpired (NPP/T, in kg·m-3), and the Fire Risk (Fire 
Probability · Percent of tree damaged during forest fire, FR, %)]. 
For the two tree species we observed an increase of NPP/T in all three 
climate change scenarios, yet for Holm oak the increase was more important in 
RCP 8.5, while in Scots pine the higher benefits of management were found 
under current climate conditions  (RCP 0.0, Figure 2.11). Additionally, all 
management regimes reduced RF, thus indicating productivity enhancement due 
to carbon use efficiency increase after management (e.g. Collalti et al., 2019). 
Short rotation lengths in both tree species decreased respiration fraction further 
than long rotation lengths, as there was less overall respiring biomass. None of 
the management procedures improved significantly T/P, with increases in Q. ilex 
less than a 3% respect to the unmanaged forest in both management regimes, 
thus indicating that both forests are transpiring as much water as they can, as 
they are both located near the low precipitation limit of their distribution range. 
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Finally, managements with higher rotation length generated forest structures 
less vulnerable to fire than unmanaged forests and forests under shorter 
rotation length managements, under all climate scenarios considered. 
 
 
Figure 2.11. Variations of the four indexes considered in the managed Pinus sylvestris and 
Quercus ilex stands in respect to an unmanaged stand. Values near to 0 indicate no 
difference in managed forests, while positive or negative values indicate the change rate. For 
all four management procedures, three IPCC (2013) RCP scenarios have been considered 
(green: no further climate forcing, orange: RCP 2.6, red: RCP 8.5). NPPP/T is the Net Primary 
Production per unit of transpiration (in kg·m-3), RF is the Respiration Footprint, obtained from 
autotrophic respiration per unit of carbon gained by photosynthesis (unitless), T/P is the 
transpiration per unit of precipitation (unitless), and the FR is the fire risk (in %). Adapted 
from Nadal-Sala et al., (2017d). 
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"Aquesta remor que se sent no és de pluja 
ja fa molt de temps que no plou. 
S'han eixugat les fonts i la pols s'acumula 
pels carrers i les cases."  
Aquesta remor que se sent, Miquel Martí i Pol 
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Abstract 
This paper describes the assumptions, equations and procedures of the 
RheaG Weather Generator Algorithm (WGA). RheaG was generates robust daily 
meteorological time-series, whether in static or transient climate conditions. 
Here we analyze its performance in four Iberian locations -i.e. Bilbao, Barcelona, 
Madrid, Sevilla-, with different climate characteristics. To validate RheaG WGA, 
we compared observed and generated meteorological time-series' Precipitation, 
Maximum temperature and Minimum temperature for all four locations. We also 
compared observed and simulated rain events spell length probabilities in all four 
locations. Finally, RheaG includes two weather generation procedures, one in 
which monthly mean values for meteorological variables are Unconstrained, and 
one in which they are Constrained according to a predefined baseline climate 
variability. Here, we compare the two weather generation procedures included 
in RheaG using the observed data from Barcelona. 
Our generated time series statistical properties and rain spell lengths are in 
high agreement with observed meteorological time-series. Furthermore, they 
show that RheaG accurately reproduces seasonal patterns of the observed 
meteorological time-series for all four locations, being even capable to 
differentiate two climatic seasons in Bilbao that are also present in the observed 
data. We find a tradeoff between generation procedures, in which 
Unconstrained procedure better reproduces the variability of monthly and yearly 
precipitation than Constrained one, but Constrained procedure is able to keep 
the same climatic signal across meteorological time-series. Thus, the first 
procedure is more accurate, but the latter is capable to maintain spatial auto-
correlation among generated meteorological time-series. 
Keywords: Climate change; Markov probabilities; precipitation patterns; RheaG; 
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3.1 Introduction 
Ongoing human-induced climate change is already affecting both human 
societies and natural systems all across the globe. Its negative impacts are 
projected to increase along next decades (IPCC, 2013). Simulation models are 
the most reliable ways to explore how changes in environmental conditions will 
likely modify present natural systems in the future. However, future climate is 
unknown, but they can be fed with climate projections generated statistically 
from meteorological record. Thus, developing tools to provide statistically robust 
future meteorological time-series is a crucial matter nowadays. Moreover, even 
when those projections are available, most of the times their projections' 
temporal or spatial scale does not fit with simulation models' requirements. In 
that case, further transformations shall be applied upon global climate change 
projections to downscale them to a site specific data. This fact is not trivial, as 
further downscaling needs to be also accurate and statistically robust both with 
global projections and local-scale observations. Furthermore, in most locations 
daily meteorological time-series are not available. They also might present large 
gaps in their register. In both cases, current or past meteorological time-series 
have to be reconstructed in order to feed simulation models with reliable 
meteorological information to evaluate their performance under current climate 
conditions. 
There had been many approaches in the development of algorithms for 
meteorological series generation since mid-20th century (e.g. Gabriel and 
Newmann, 1962; Richardson, 1981; Richardson and Wright, 1984; Bürger, 
1997) - see Ailliot et al. (2015) for a review. Generally speaking, Weather 
Generation Algorithms (WGA) are based on summarizing observed climate data 
time-series into a set of statistical descriptors, in order to use them to generate 
artificial climate data statistically similar to the observed ones (Wilks and Wilby, 
1999). Traditionally, climate variables included in WGA have been temperature, 
incident radiation, wind speed, and the most important, precipitation. Most of 
WGA include temporal autocorrelation between their variables in their 
generated data. Many of them correlate climate variables to precipitation, as it is 
identified as the most difficult climate variable to be properly generated 
(Hutchinson, 1986). Contrastingly to the most global GCMs (Global Circulation 
Models) fluid dynamics differential equations-based projections, WGAs tend to 
represent better local climate variations due to their specificity to the statistical 
characteristics of a given local climate time-series. However, the 
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parameterization effort of those models is substantial for each location, and they 
need long observed climate time-series to be parameterized, so their 
applicability to a large area is still challenging (Semenov and Brooks, 1999). Still, 
WGAs also have to deal with the tradeoff between the number of descriptive 
parameters and the relative information gained per added parameter (Hawkins, 
2004). The aim is to avoid irrelevant or roughly non-informative parameters that 
increase the minimum length of the observed meteorological time-series 
required to calibrate them. In the end, each WGA is a tradeoff between the 
likelihood and statistical robustness of its generated meteorological time-series 
and the number of parameters required. 
With this paper we propose a new Markovian transition probability-based 
Weather Generator Algorithm (WGA), and we evaluate its performance when 
compared to four contrasting climates from the Iberian Peninsula. We firstly 
compare the absolute values of observed and generated meteorological time-
series at four different locations representative of the different Iberian climates - 
i.e. Barcelona, Bilbao, Madrid, Sevilla- to account for the verisimilitude of the 
generated meteorological time-series compared to the observed ones. Then, we 
compare generated versus observed precipitation patterns, focusing our 
attention to rain spell length distributions. Finally, we compare the two 
alternative procedures included in RheaG for meteorological data generation 
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3.2 Material and methods 
RheaG is a Weather Generator Algorithm (WGA) programmed in R coding 
language (R Core Team, 2017), in order to make it freely and easily available. 
RheaG analyzes certain statistical properties of an input observed daily climate 
data and then uses these properties, along with a pseudo-random number 
generator, to produce simulated daily meteorological data one day at a time, 
thus reproducing observed climate statistical patterns. Table 3.1 summarizes the 
meteorological inputs and its description in the RheaG. 
Table 3.1 | Meteorological variables considered in the RheaG Weather Generator. List of 
parameters needed for each variable in the model and the probability function used to obtain the 
daily values. Time auto-correlation indicates the probability matrix used to relate values of a given 
variable at day (t) to values obtained at day (t-1). If there is no time auto-correlation, values of day 
(t) are independent from the day (t-1). Inferred values column indicates when RheaG may generate 
meteorological values of this variable without a previous measurement. 
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Daily meteorological variables included in the RheaG are divided into two 
categories: the mandatory ones - i.e. Incident radiation (Q, MJ·ha-1·day-1), 
precipitation (P, mm·day-1) and maximum and minimum temperatures (Tmax and 
Tmin, ºC) -, and the discretionary ones - Wind speed (Ws, m·s-1), atmospheric 
water pressure (VP, kPa) and potential evapotranspiration (PET, mm·day-1) -. The 
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statistical properties obtained from the observed meteorological time-series for 
Tmax, Tmin, Q, Ws, VP and PET are the month daily mean and standard 
deviation values, along with the monthly first order Markovian transition 
probability matrix. Temperature and radiation Markovian transition probability 
matrix is defined by the probability of observing a value above or below the 
monthly mean given that the value of the previous day was above or below the 
monthly mean. Statistical properties describing precipitation patterns in RheaG 
are: Annual mean precipitation during a rainy day, monthly mean precipitation 
during a rainy day, rain occurrence probability defined by 15 rain occurrence 
probability classes, following a p(2(n-1)<x<2n) distribution, where n  I {1, 2, ..., 
15}-, and lastly, the monthly Markovian transition probability matrix of rain 
occurrence given whether it rained or not the previous day. 
It is noteworthy that, in absence of radiation inputs, RheaG algorithm is still 
able to  calculate them by following Hargreaves and Samani (1982), according to 
Equation 3.1. 
      =    (     −     )
 .     Equation 3.1] 
Where Rt is the daily radiation, in MJ·ha
-1·day-1, Tmax and Tmin are maximum 
and minimum temperatures, respectively, in ºC; Ra is the extraterrestrial 
radiation for a given location and moment of year, in MJ·ha-1·day-1. Ra is 
calculated from the latitude of the location in degrees, and the Julian Day 
(Spencer, 1971; Duffie and Beckman, 1991).  Kt is an empirical coefficient 
depending on the continentality of the site. For coastal sites, Kt equals to 0.20, 
and for the interior regions equals to 0.17, according to Allen, (1995). 
In RheaG, discretionary variables, if not available, are calculated daily as 
follows: 
Saturated vapor pressure (VPS, kPa) is calculated daily following Allen et al., 
(1998), (Equation 3.2) 








  Equation 3.2] 
Where VPS is the saturated water vapor pressure, in kPa, and Tmin is the 
minimum daily temperature, in ºC. Kimball et al., (1997) found that pre-dawn air 
water vapor pressure does not reach saturation point in the most arid climates, 
and they proposed a correction upon VPS based on the proportion of annual 
precipitation related to potential evapotranspiration. If annual precipitation (P365) 
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is less than a half of potential evapotranspiration (PET365), a correction is applied 
upon VPS following Equation 3.3 
              =  1.2 ·  
    
      
+  0.4  ·      Equation 3.3] 
Where VPScorrected is the saturated water vapor pressure after applying 
Kimball's correction (kPa), VPS is the estimated saturated water vapor pressure 
(kPa), and P365 and PET365 are last 365 days precipitation and potential 
evapotranspiration respectively, both in mm·year-1. 
Actual vapor pressure (VP, kPa) is calculated by changing daily Tmin mean 
daily temperature [i.e. (Tmax + Tmin) / 2 ] in Equation 3.2. 
Daily PET is calculated following the FAO Penman-Monteith equation 
described in Allen et al., (1998), (Equation  3.4) 






  Equation 3.4] 
Where  is the slope vapor pressure curve (kPa·ºC-1) given daily mean 
temperature, Q is the daily incident radiation (MJ·ha-1·day-1), G is the soil heat 
flux density (MJ·ha-1·day-1), fixed at a 10%,  is the psychrometric constant 
(kPa·ºC-1) given the altitude of the plot, Tmean is the daily mean temperature 
(ºC) , Ws is the daily mean wind speed (m·s-1), VPS is the saturation vapor 
pressure (kPa) and VP is the actual vapor pressure (kPa). 
Wind speed is often not available in original data. In that case, Ws RheaG 
generates daily Ws data using a Gaussian distribution Ws(day)= N(µ, s
2), with 
prescribed monthly mean and variance values according to the previous 
knowledge for each location. 
It is noteworthy that, despite in other WGA there are some kind of 
correlations among Tmax and Tmin, Q, PET and VPS with daily precipitation (e.g. 
Wilks and Wilby 1999; Kilsby et al, 20007), RheaG does not include any "a priori" 
correlations among them, in spite of maintaining low the number of parameters 
required to run the algorithm -but see the Constrained generation method 
below-. We are aware that independent meteorological data generation for each 
variable in some cases may lead to physically unrealistic daily combinations (e.g. 
high Q values generated during extended rain events), while still presenting 
consistent monthly and yearly variable values. Other approaches (e.g. Kilsby et 
al., 2007), based on hourly observed data, have proven to significantly improve 
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the agreement between generated and observed meteorological time-series, 
while they consistently kept correlations between precipitation, temperature 
and radiation. However, the main purpose of RheaG WGA is to fed simulation 
vegetation models with site-specific meteorological time-series. That kind of 
meteorological registers are often found in form of daily values. Besides, they 
use to cover too few years to capture straightforward correlations between daily 
meteorological variables and daily rain intensity. Slightly negative correlations 
between daily precipitation during the days when P > 0 and Tmax (rBarcelona = -
0.22, nBarcelona = 2065; rSevilla = -0.15, nSevilla = 1672), Tmin (rBarcelona = -0.17, 
nBarcelona = 2065; rSevilla = 0.01, nSevilla = 1672) and Q (rBarcelona = -0.13, nBarcelona = 
2065; rSevilla = -0.18, nSevilla = 1672) were observed in our data, with elevated 
intra-annual variability (see Figures SM3.1, SM3.2; Table SM3.1). Furthermore, it 
has been observed that sensitivity to biases in input precipitation and 
temperature for simulation models occurs mostly at monthly level, rather than 
daily (e.g. Wood et al., 2004; Fowler and Kilsby, 2007). Hence, we opted to 
apply the most parsimonious criteria of not accounting for correlations within 
variable at a daily scale, in order to reduce required parameter inputs number. 
3.2.1 Precipitation 
Precipitation tends to be the main driver variable in most of WGA (Kilsby et 
al., 2007). First order Markovian transition probability matrix (MM) have been 
largely used to model the daily occurrence of climate events (Gabriel and 
Neumann, 1962; Caskey, 1963; Stern, 1980; Sonnadara and Jayewardene, 
2015). They are a simple but effective way to model wet and dry spells length, 
frequency and distribution if original meteorological series analyzed are long 
enough (Katz, 1981). However, they only generate binomial information – rain or 
no rain – for a single day. Thus, rain occurrence models must be coupled to rain 
amount distribution models to generate the meteorological time series. 
Exponential, Potential, Gamma or Mixed Exponential rainfall amount distribution 
models have been successfully applied in several weather generator algorithms 
(Wilks and Wilby, 1999, Ailliot et al., 2015). RheaG uses monthly-based MM to 
determine if it rains during a given day, given that it rained the previous day. In 
the case of rain presence, RheaG describes the amount of precipitation during a 
rainy day from fifteen p(2(n-2)) < Pamount ≤ 2
(n-1)) probability classes, where n  I {1, 
2, ..., 15}, and Pamount is the amount of precipitation during a rainy day. RheaG 
first randomly determines the n Pamount class for a given day, from the yearly 
probability distribution of belonging to "n" precipitation class, obtained from 
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observed data. Then, RheaG generates actual precipitation for this day 
randomly, following Equation 3.5 
         = (1 +  
 ) ·  ( 2(   )) ·  
      
     
  Equation 3.5] 
Where Pday is the amount of precipitation during a given day (mm·day
-1), x is a 
random number between 0 and 1, and n refers to the precipitation class - n  I {1, 
2, ..., 15}-. Pmonth is the mean daily precipitation for a given month, and Pyear is the 
yearly mean daily precipitation. 
Here we evaluate generated precipitation in two ways: firstly, we analyze the 
ability of RheaG to reproduce the statistical properties of the generated 
meteorological time series -i.e. Markovian transition probabilities, rain 
occurrence probability, rain intensity probability distribution-. Secondly, we 
compare the wet spell length probability between reference climate time series 
and generated time series. It is not explicitly included in the input for the RheaG, 
although is closely linked to Markovian transition matrix. Hence, it is a good 
estimator of the agreement among statistical properties of observed and 
generated meteorological time-series. As most of the complexity in weather 
generation relays on accurately describing precipitation patterns (Wilks and 
Wilby, 1999), we set the main focus of this work on precipitation patterns in 
order to validate RheaG meteorological time-series. 
3.2.2 Maximum and minimum daily temperatures, and daily radiation. 
Daily maximum and minimum temperatures (ºC) in a monthly basis -hereafter 
referred as "temperature values"- have been successfully modeled from 
Gaussian distributions (e.g. Mearns et al., 1984; Kilsby et al., 2007), and so have 
been implemented in the RheaG WGA, coupled to a first order Markovian 
transition matrix to account for daily auto-correlation in temperatures, following 
Equation 3.6 
       =   (    ,s
 )   Equation 3.6] 
Where Tj is the temperature value for a given j day (ºC); Refj is the reference 
mean temperature for a given j day (ºC), and s2 is the standard deviation of 
monthly temperature values. In addition, RheaG includes a MM-based 
probability to account for temporal autocorrelation trends in temperature. 
Therefore, a given day is going to add or subtract the standard deviation to the 
Refj values according to a MM-based probability. 
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Refj is a correction upon reference mean monthly temperature. It is calculated 
following Equation 3.7 or Equation 3.8, depending on being the day j within the 
first or the second half of the month, respectively 
       =     +   
      (   ) 
  
    −   ,      Equation 3.7] 
       =     +   
      (   ) 
  
    −   ,      Equation 3.8] 
Where Refj is the reference mean temperature for a given j day; µm is the 
mean monthly temperature of that given month (ºC); µ(m-1) and µ(m+1) are the 
mean monthly temperature values for the previous and the following month (ºC), 
respectively; dm is the number of days within the month m;  dj is the current 
Julian Day; and dc,m is the Julian Day at the middle of the current month. These 
corrections are used to smooth the transition of the generated climate time-
series between one month and the previous or the following month, 
alternatively. Lastly, RheaG recalculates daily temperature values if Tmax ≤ Tmin 
for a given day in order to avoid unrealistic output values. 
Surface incident radiation (Q, in MJ·ha·day-1) for a given day is obtained 
following exactly the same procedure. 
3.2.3 Generation of daily meteorological time series under no climate forcing 
In order to validate RheaG generated time-series, we selected four climate 
time-series from the AEMET Spanish Meteorological Service 
(http://www.aemet.es/es/portada). This climate time-series are representative 
of different climates present in the Spanish mainland. Bilbao (43.17N, 25.42W) 
represents the wet, north-western Atlantic climate; Barcelona (41.25N, 20.73E) 
represents the moist Mediterranean-type climate; Sevilla (37.09N, 53.66W) 
represents the arid Mediterranean-type climate; and Madrid (40.24N, 34.04W) 
represents the continental climate. We used AEMET climate time-series from 
1989-2009 for all locations, hereafter referred as validation locations, to account 
for at least 20 years (Richardson and Wright, 1984) of meteorological recorded 
data. In addition, we selected this period to avoid the longer gaps present in the 
register. Gaps in temperature and radiation were filled as follows: gaps shorter 
than two days were filled by linear interpolation. Gaps larger than two days were 
interpolated linearly from nearby meteorological stations. In addition, gaps in 
precipitation were all interpolated linearly from nearby meteorological stations. 
Only meteorological stations with R2 >= 0.8 were used to fill those gaps. Under 
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current climate change conditions, it is very likely (IPC, 2013) a modification of 
climate statistical properties. So, by using only the last 21 years available, we 
ensured to obtain both the current means and standard deviations, as well as the 
most recent Markovian probability distribution. For each location, five 
independent  90 years-long daily climate data series were then generated 
without any monthly data restriction, nor any further climate forcing, to account 
for the ability of RheaG to reproduce the observed climate pattern in the original 
meteorological time-series. We refer to these runs as Reference (R) runs, as they 
do not include further forcing than observed in generated time-series. 
3.2.4 Generating time-series under climate forcing 
RheaG also includes the option to generate meteorological data with climate 
forcing. RheaG includes two procedures for doing so. The first one, called the 
Unconstrained one because monthly values for different meteorological time-
series are independent, generates climate just as described above for all years 
required, and at the end it adds three monthly cumulative anomalies for the 
values of Tmax, Tmin and P, respectively. These anomalies are the monthly 
increment per year projected in Tmax and Tmin, and the yearly percent 
reduction in precipitation on a monthly basis. 
The second procedure for meteorological time-series generation under 
climate forcing, so called the Constrained one, firstly calculates a baseline 
monthly variability to be included in all time-series to be generated. This monthly 
variation is generated randomly for Tmax, Tmin, Q and P from a truncated 
normal distribution centered in the mean monthly values, with a variation that is 
function of the observed monthly standard deviation for this variable multiplied 
by a Gaussian-probability based factor. It includes the option to account for 
autocorrelations among variables (e.g. months with positive increase in 
maximum temperature with respect to the mean are more likely to have positive 
increases in minimum temperature with respect to the mean). Final monthly 
values for a given meteorological variable are calculated as follows: for a given 
month "i" and during a given year, reference value (Refmonth) for a given variable x 
follows the equation Refmonth = N(x,i+xi , ax,is
2
i), where x,i is the observed 
mean monthly value for this given variable, xi is the anomaly of this variable 
under climate change conditions for the given month, ax,i is the variability for a 
given "x" variable and "i" month - with values ranging between -1.5 and 1.5 and 
following a truncated Gaussian distribution centered in 0; and s2i is the observed 
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standard deviation for the given "x" climate variable during "i" month. The 
intention here is to maintain the same variation signal among generated 
meteorological time-series for a given month when they are spatially auto-
correlated. The ax,i coefficient is, then, used to maintain the same underlying 
climate signal for the same month among different meteorological time-series. It 
is noticeable here that absolute individual monthly values can also be included as 
an input for RheaG, so this WGA is able to disaggregate the more common 
monthly meteorological projections into the daily climate time-series required by 
several simulation models. 
Once reference monthly values are obtained, daily Tmax, Tmin, Q and P 
values are generated iteratively for each month. Then, if mean Tmax, mean Tmin, 
mean Q or cumulated P is equal to reference values for a given month ± 0.5 ºC, 
1 MJ·m-2·month-1 or 2 mm·month-1, depending on the variable, generated daily 
values are accepted. Conversely, if they are not within this range, generated 
daily values are rejected and RheaG iteratively generates another daily values set 
for the given month, until generated values match the monthly specific 
reference monthly values.  
Table 3.2 | Climate forcing scenarios considered, following IPCC (2013). SPC indicates 
Stationary at Present Climate scenario, with no further climate forcing. RCP 4.5 is the 
moderate climate change scenario (climate forcing equal to 4.5 W·m-2), and RCP 8.5 is 
the extreme climate change scenario (climate forcing equal to 8.5 W·m-2). Tmax and 
Tmin are the anomaly in Tmax and Tmin projected by the year 2100 in respect to the 
reference period (1990-2010). P is the anomaly in precipitation projected by the year 








SPC 0 0 0 
RCP 4.5 2.225 2.225 -25 
RCP 8.5 5.6 5.6 -35 
 
In order to assess how climate data generated from a given validation location 
vary under different climate forcing conditions - i.e. climate change-, we 
generated climate data following three climate forcing scenarios for Barcelona 
(Table 3.2) for the 2010-2100 period, and for three climate forcing scenarios: no 
static present climate (SPC), moderate climate forcing according to RCP 4.5 
climate forcing scenario, and strong climate forcing according to RCP 8.5 climate 
forcing scenario (IPCC, 2013). We kept all monthly anomalies for both 
temperature and precipitation equal, to make the results comparison more 
straightforward. We then compared the original daily, monthly and annual 
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climate data probability distributions, with the newly generated climate time-
series under both climate forcing RCP 4.5 and RCP 8.5. 
All data processing and statistical analyses have been performed using R 
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3.3 Results 
3.3.1 Validation of generated time-series statistical properties 
Madrid presented the lowest mean annual precipitation from the four 
validation locations climate data time-series analyzed, with values around 370 
mm·year-1. Madrid also presented the widest range of temperature values, with 
13 degrees between mean minimum and maximum annual temperatures (Table 
3.3). Conversely, Barcelona presented the narrowest range, with only 8 ºC 
between minimum and maximum mean annual temperatures. Bilbao presented 
the highest annual precipitation values, around 1100 mm·year-1 for the 1989-
2010 period. Annual mean maximum and minimum temperatures were the 
highest in Sevilla, with mean values of 13 ºC and 26 ºC respectively (Table 3.3). 
 
Additionally, differences between observed and generated climate time-series 
in mean annual P, Tmin and Tmax values were minimal for all four locations. 
They diverged less than 1% for all three variables considered, except for mean 
annual precipitation in Sevilla, which diverged about 1.5%, with slightly higher 
generated precipitation values than observed ones. 
Monthly daily rain probabilities between observed and generated climate 
time-series were almost identical (Figure 3.1, 0.96 < R2 < 0.99), being Sevilla 
where generated monthly daily rain probabilities diverged more than the 
observed ones (RMSE = 0.025, n = 60). Madrid (RMSE = 0.01, n = 60) was the 
validation location where generated monthly daily rain probabilities were most 
Table 3.3 | Comparison for all four validation locations for observed (21 years, left) and 
generated with  RheaG (100 years, right) annual mean precipitation (P, mm·year-1), 
annual mean maximum temperature (Tmax, ºC), and annual mean minimum temperature 














Bilbao 1100 19.6 10 1090 ± 9.3 19.7 ± 0.05 9.8 ± 0.01 
Barcelona 603 19.9 12 607 ± 8.6 19.7 ± 0.01 11.9 ± 0.05 
Madrid 373 21.3 8.1 375 ± 2.7 21.4 ± 0.02 8 ± 0.01 
Sevilla 528 25.7 13.3 536 ± 6.2 25.7 ± 0.01 13.3 ± 0.01 
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similar to the observed ones, followed by Barcelona (RMSE = 0.012, n = 60), and 
Bilbao (RMSE = 0.016, n = 60). 
 
Figure 3.1. Comparison between monthly rain probability for observed  (solid line), and mean 
and standard deviation of the 5 simulated climate time-series for each four validation 
locations (dots plus 1 SD bars). Sperman's correlation coefficient is noted for each location. 
 
MM transition probabilities of generated climate time-series were also 
consistent with observed properties for all locations (Figure 3.2, 0.91< R2 < 
0.995). RMSE of the probability of observing a non-rainy day after a non-rainy 
day -p(DD)- ranged from 0.007 in Madrid, to 0.031 in Barcelona. It is 
noteworthy that the relatively high divergence in Barcelona is attributable to an 
anomalous February p(DD) in one out of five of the meteorological time-series 
generated, which can occur when Markov chains are used to randomly generate 
a finite number of iterations. Additionally, The RMSE among observed and 
generated probability of observing a rainy day after a rainy day - p(WW)-, 
reached its lowest values in Bilbao (0.015), and its highest values in Sevilla 
(0.048). 




Figure 3.2. Comparison between observed monthly markovian Dry-Dry p(DD) and Wet-Wet 
p(WW) transition probabilities (solid line and dotted line, respectively), and mean ± 1SD of 
the 5 R time-series for each four validation location (triangle plus 1 SD bars and dot plus 1 
SD bars, respectively). Sperman's correlation coefficient is noted for each location and for 
both p(WW) and p(DD). 
 
Newly generated climate time-series maintained the observed negative linear 
correlation between p(DD) and daily rain probability (Figure 3.3). They 
maintained both the overall trend and the climate time-series' specific trend for 
all four sites. The analysis of Bilbao meteorological time-series presented two 
different season-related patterns of this relationship (Figure 3.4): the first one 
comprises the cold and wet months -from November to May; and latter one 
includes the warm months -from June to October. This indicates that, given the 
same daily rain probability, during warm months Bilbao present a lower p(DD) 
than during the wet ones within the ranges of daily rain probability registered in 
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the reference meteorological time-series. Hence, an increase in the dispersion of 
the rain events during the warm season is observed in Bilbao.  
 
Figure 3.3. Correlation between Daily rain probability and dry to dry probability transition. 
Left pannel: Observed climate data values. Right pannel: 5 generated climate data values. 
Linear regression coefficients and Spearman's correlation coefficient are noted for both the 
overall values, and the separate four locations (inner tables). Overall linear regression trend is 
noted as a solid line. Bilbao () trend is noted as dotted line, Barcelona (+) trend is noted as a 
dashed line, Madrid (O) trend is noted as a "x"-based line, and Sevilla () is noted as a pointed 
line. For each coefficient it is noted the significance level: ns = no significant; * = p<0.05; *** 
p<0.01. See figure 4 for the reason about the low correlation found in Bilbao. 
 
Figure 3.4. Bilbao's correlation between Daily rain observed probabilities and dry to dry 
Markov probability transition. Two different seasons have been differentiated: mild season, 
comprising the months from November to May (solid line), and the warm one, comprising 
from June to October (dashed line). Numbers represent the month of the year. Big numbers 
are observed values, small numbers are generated values. Meteorological time-series are 
analyzed for each season. Table indicates "a" and "b" regression coefficients for all four 
conditions, (Obs = Observed, Gen = Generated; Nov-May = From November to May period, 
June-Oct = From June to October period). For each regression, the Spearman's correlation 
coefficient is also noted. For all regressions and regression coefficients p< 0.001. 
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3.3.2. Comparison between observed and generated rain spell length 
For all four validation locations, simulated rain spell length probability 
distribution matched the observed rain spell length (Figure 3.5). In all cases, 1-
day-long spell lengths were found the most probable case. A non-linear decrease 
in occurrence probability was observed at increasing spell lengths. 1-day-long 
spell length probabilities ranged from 0.35 in Bilbao to 0.55 in Barcelona, being 
Madrid and Sevilla the middle cases, with values ranging 0.45-0.5, respectively. 
Furthermore, the stepper decreases in spell length frequency were observed in 
the Mediterranean-type climates, Sevilla and Barcelona. 
 
Figure 3.5. Comparison between spell length probability in days, for observed probability 
(dashed line), and mean ± 1SD of the 5 simulated climate time-series for each four validation 
locations (dots plus 1 SD bars). Sperman's correlation coefficient is noted in each case. Inner 
plot indicates the difference of probability in spell length, calculated as the observed climate 
series spell lenght probability minus the mean simulated climate series spell length 
probability. 
Spearman correlation scores between observed and simulated rain spell 
lengths were higher than 0.99 in all cases, with differences ranging from less 
than 2% in Bilbao, to a maximum of 6% in 1-day-long rain spell length in Sevilla. 
No trend was observed in the differences among observed and generated 
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climate time-series. Nevertheless, RheaG tends to better reproduce low 
frequency rain spell lengths in all locations and slightly fails to reproduce the 
observed frequency of short rain spell lengths, with no apparent trend among 
locations. 
3.3.3 Weather Generation under climate forcing 
Inter-annual variation in cumulated precipitation under SPC climate forcing 
(Figure 3.6) better represented observed inter-annual variability in precipitation 
in Barcelona (602 ± 144 mm·year-1) by using the Unconstrained procedure (620 
± 133 mm·year-1) than the Constrained one (614 ± 72 mm·year-1). The same 
pattern was also observed in mean annual maximum temperature: 
Unconstrained values (19.4 ± 0.22 ºC) were more variable than Constrained 
ones (19.5 ± 0.2 ºC), thus better reproducing observed patterns (19.4 ± 0.54 ºC). 
 
Figure 3.6. Evolution of annual cumulated precipitation (upper pannels, mm·year-1) and 
annual mean maximum temperature (lower pannels, ºC) for Barcelona, and for the two 
procedures of weather generation implemented in RheaG: the Constrained one (left pannels), 
and the Unconstrained ones (right pannels). Different climate forcing scenarios are noted as 
follows in each pannel: SPC, solid black line; RCP 4.5, solid grey line; and RCP 8.5, broken 
grey line. Dotted lines indicate reference time-series mean values: mean annual precipitation 
= 602 mm·year-1, annual mean maximum temperature = 19.4 ºC. 
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Following the Unconstrained procedure, higher variability of monthly 
precipitation was observed in Barcelona in a monthly basis (Figure 3.7). 
 
 
Figure 3.7. Monthly anomalies in precipitation - (P-PMean) / PMean - for Barcelona and for 
three meteorological time-series generated following the Unconstrained (a), and the 
Constrained (b) procedures (n = 200). Different independent time-series are noted with 
different symbols in each panel (+, , o). Inner tables indicate the Spearman's correlation 
coefficient between monthly values for all three meteorological time-series analyzed. 
Interestingly, Spearman's correlation in Unconstrained procedure is close to zero, whilst in 
Constrained one is close to 1. Lower pannel (c) represents the three Unconstrained (black, 
dashed lines), and the three Constrained (grey, dotted lines) meteorological time-series 
monthly anomalies in precipitation density distribution compared to the observed density 
distribution (black, solid line). 
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In addition, using the Unconstrained procedure monthly anomaly of 
precipitation - (P - PMean) / PMean - probability distribution was more in 
accordance with observed values than using the Constrained one. There were 
peaks in autumn precipitation capable to reach ~320 mm·month-1 for all three 
climate forcing scenarios in Unconstrained procedure, while maximum monthly 
precipitation values following the Constrained procedure were lower, about 150 
mm·month-1 during autumn. However, as climate change intensity increased, the 
high precipitation months became less frequent for the two procedures (Figure 
3.8).  
 
Figure 3.8. Monthly generated precipitation (mm·month-1) for Barcelona, and for the two 
procedures considered in RheaG (i.e. "Constrained" and "Unconstrained"), for the three 
climate forcing scenarios considered (i.e. SPC, up; RCP 4.5, center; RCP 8.5, down). Left 
pannels show the values for the Constrained procedure and right pannels show the results for 
the Unconstrained one. For each month, rain frequency distribution (shadowed area), mean 
monthly precipitation (black dots), and mean monthly precipitation in the observed climate 
time-series (black dashed lines) has been noted. 
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On the other hand, the Constrained procedure generated less variability in 
monthly precipitation values, with both maximum and minimum monthly 
precipitation values constrained within pre-defined ranges. In addition, under 
SPC conditions, daily probability of no rain was 0.844 and 0.827 for the 
Unconstrained and the Constrained procedures, respectively, while it was 0.846 
in the observed data. In RCP 4.5 scenario, daily probability of no rain increased 
to 0.844 and 0.841, for the Unconstrained and the Constrained procedures, 
respectively. Finally, in the extreme RCP 8.5 scenario, both procedures 
presented similar values of 0.844. 
 
Figure 3.9. Probability distribution of daily maximum temperatures (Tmax, ºC), for the two 
Weather Generation procedures included in RheaG - Constraned (left), Unconstrained (right)- 
under the three climate forcing conditions considered, and for Barcelona. Observed 
distribution is noted as a solid black line, SPC distribution as a dashed black line, RCP 4.5 
climate forcing distribution as a solid grey line, and RCP 8.5 climate forcing distribution as a 
dashed grey line. 
 
Daily Tmax probability distribution matched almost completely observed daily 
Tmax distribution for both the Constrained and the Unconstrained procedures 
(Figure 3.9). Median observed daily Tmax values were 18.8 ºC. In a SPC scenario, 
observed median daily Tmax values were 19.1 and 18.8 ºC following the 
Unconstrained and the Constrained procedures, respectively. It increased to 
20.4 and 20.6 ºC, respectively, under a RCP 4.5 forcing scenario, to finally reach 
22.4 and 22.9 ºC, respectively, under the extreme RCP 8.5 climate forcing 
scenario. 
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3.4 Discussion and conclusions 
We have described and tested RheaG WGA in four contrasting climates from 
Iberian Peninsula. RheaG accurately reproduces the statistical properties of the 
reference time-series and is able to generate self-consistent series of 
meteorological variables following pre-established climate forcing scenarios. 
Given the intentionality behind the RheaG model, which is to generate 
meteorological time-series to feed forest simulation models that run at daily 
basis, our results have shown that both the simulated precipitation trends and 
the temperature probability distributions matched the observed values in the 
field when no further climate forcing - i.e. SPC scenario- is considered. 
In addition, as RheaG WGA is able to generate meteorological time-series 
under climate forcing. Meteorological time series generated under climate 
forcing take into account both the observed climate data statistical properties 
and the projected changes in those statistical properties - i.e. anomalies in mean 
monthly temperature and precipitation-. When new climate change projections 
will become available, RheaG outputs can be easily updated accordingly. 
It is noteworthy the overall good agreement of generated time-series to the 
observed monthly p(DD) and p(WW) values in all four locations, with 
correlations ranging between 0.97 ≤ R2 ≤ 0.99 (Figure 3.2). Moreover, this good 
agreement in MM transition probabilities for all locations also derive in highly 
correlated monthly p(Rain) in all locations [0.96 ≤ R2 ≤ 0.99 (Figure 3.1)]. 
Interestingly, in the case of Bilbao, RheaG is even able to reproduce observed 
bimodal seasonal trend (Figure 3.4) that differentiates two climate seasons 
within Bilbao meteorological time-series. These two seasons, the warm - from 
June to October- and the mild - from November to May-, affect the relationship 
between the month p(Rain) and the month p(DD). During the coldest months, 
there is a higher p(DD) for the same p(Rain). As p(DD) and p(WW) are negatively 
correlated (Geng, 1986), the trend observed in Bilbao indicates a higher rain 
concentration in less rain events during the mild period than during warm period, 
were rain spells are shorter and more frequent. This different seasonal behavior 
in Bilbao leads us to remark the importance of monthly characterization of 
meteorological time-series, rather than just working with annual averages. 
Rain spell length directly depends on Markov transition probability matrix 
(Sonnadara and Jayewardene, 2015), but it is not a direct input for the RheaG 
WGA. Thereafter, it can be used as an indicator of suitability for the generated 
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meteorological time-series. Our results show that observed and generated 
meteorological time-series present a very close pattern of rain spell length 
probabilities. Most of the inconsistencies occur at 1-day spell length 
probabilities, being Sevilla climate the one with the lower agreement and Bilbao 
climate the one with greater agreement. On the other hand, low-probability 
events are well represented in all locations.  
Traditionally, temporal autocorrelation in precipitation generation have been 
implemented in different WGA using a broad range of algorithms: the simplest 
ones, such as the used in RheaG WGA, are based in first order Markov 
probabilities. Including second order Markov probabilities has been found to 
better describe precipitation patterns and to minimize the inconsistencies in 1-
day rain spell lengths observed when using only first order Markovian matrices 
(e.g. Buishand, 1978; Chen et al., 2012), at the expenses of higher input 
parameter number. Recently, more complex rain cell clustering approaches 
(Rodríguez-Iturbe  et al., 1987), such as the Neyman-Scott Rectangular Pulses 
(NSRP, e.g. Kilsby et al., 2007: Burton et al., 2010) or the Barlett-Lewis 
Rectangular pulses (Onof et al., 2000) have also been developed. The latter 
models have proven to better reproduce the 1-day autocorrelation lag between 
rainy days than MM transition based models (Kilsby et al., 2007). Hence, they 
better represent the 1-day lag between rain events, that the ones reported by 
RheaG WGA (Figure 3.5). On the other hand, no differences in mean monthly 
daily rainfall and monthly proportion of dry days were observed between MM-
based and NSRP rain generation procedures (Kilsby et al., 2007). Additionally, 
NSRP models, compared with the most simple first order MM-based models, are 
more expensive both in terms of parameter number and in the required length of 
the input observed meteorological time-series (Ailliot et al., 2015). Thereafter, in 
RheaG WGA we opted to maintain as low as possible the input parameter 
number, in order to maximize parsimony, as well as to allow the WGA to run 
with shorter input observed climate time-series. 
Concerning to the two procedures of weather generation included in RheaG, 
the Weather Generation procedure that better reproduces both the annual and 
the monthly variability in precipitation of the observed time-series is the 
Unconstrained one. However, annual and monthly values for meteorological 
time-series generated following this option are independent among sites and 
scenarios, as there is no spatial nor temporal autocorrelation among time-series 
generated. This leads to uncorrelated monthly and yearly values for each one, 
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despite all of them maintain equal statistical properties on the long run. Thus, we 
consider that the Unconstrained procedure is the best and fastest option for 
independent one-site meteorological times-series generation, as their 
meteorological time-series are more accurate and realistic. 
On the other hand, the generation of meteorological time-series following the 
Constrained procedure is more computationally costly - it takes 2 minutes to 
generate a 100-years time-series- than the Unconstrained one -about 30 
seconds per time series. In addition, monthly precipitation values variability is 
more restricted, thus obtaining monthly precipitation values only within a given 
range (Figures 3.7 and 3.8). Thus, this method does not allow to generate the 
low-frequency high monthly precipitation events registered. However, it 
maintains the same background yearly climatic variability signal among time-
series. Keeping this background signal is important when there is spatial 
autocorrelation within generated meteorological time-series, so monthly and 
yearly climate variability background has to be equalized to all generated 
meteorological time-series.  
A further improvement of the Constrained procedure, according to previous 
work on spatial autocorrelation of daily precipitation in the UK (Burton et al., 
2013), would be the training and implementation of lag-zero cross-correlation-
distance (XCD) double exponential algorithms for the mandatory variables (i.e. P, 
Tmax, Tmin and Q), thus effectively describing the spatial autocorrelation of 
meteorological data for a given region based on the distance between 
meteorological stations. This opens an interesting field of research, as we 
hypothesize that this algorithm should be able to be trained at a monthly basis 
for Spain, if the amount of meteorological stations available for this training is 
large enough. If so, the capacity of RheaG WGA to generate spatially auto-
correlated monthly reference time-series at stations where its monthly values 
are unknown will be substantially increased. 
Hence, the two RheaG weather generation procedures present an interesting 
tradeoff between keeping the background climate signal similar in a multi-plot 
generation with the Constrained procedure, and the higher consistency with the 
observed annual precipitation variability obtained with the Unconstrained one. 
Whether using the Constrained or the Unconstrained version of the RheaG 
WGA has to be carefully thought before each RheaG application - i.e. we 
recommend to apply the Unconstrained procedure at individual plots climate 
generation. In the cases of considering multiple plots where climate is spatially 
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auto-correlated, the Constrained procedure should be better as all 
meteorological time-series generated will maintain the same baseline monthly 
and annual climate variability-. Thus, the procedure selection must be chosen 
wisely in accordance with the spatial scale to which RheaG WGA is intended to 
work. 
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3.7 Supplementary material 
 
Additional table SM3.1 | Monthly Pearson's correlation coefficients between daily precipitation during days in which P>0 (P, 
mm·day-1), and daily incident radiation (Q, in MJ·m-2·s-1), daily Tmax (ºC) and daily Tmin (ºC), for all four locations. 
Barcelona, n = 2065 Bilbao, n = 3997 Madid, n = 1922 Sevilla, n = 1672 
Month Q Tmax Tmin   Q Tmax Tmin   Q Tmax Tmin   Q Tmax Tmin 
Jan -0.11 -0.26 -0.17 -0.17 -0.11 0.04 -0.17 -0.08 0.05 -0.22 -0.06 -0.06 
Feb -0.26 -0.23 -0.02 -0.06 -0.17 -0.09 -0.32 -0.31 0.09 -0.30 -0.29 -0.29 
Mar -0.18 -0.20 -0.06 -0.24 -0.33 -0.17 -0.32 -0.22 0.14 -0.39 -0.25 -0.25 
Apr -0.24 -0.29 -0.14 -0.16 -0.24 -0.13 -0.21 -0.06 0.16 -0.26 -0.18 -0.18 
May -0.38 -0.44 -0.33 -0.18 -0.19 -0.08 -0.32 -0.22 0.02 -0.28 -0.30 -0.30 
June -0.14 -0.32 -0.33 -0.04 -0.07 -0.06 -0.19 -0.13 0.01 -0.42 -0.44 -0.44 
July 0.02 -0.14 -0.24 -0.06 -0.04 0.00 0.04 0.02 -0.02 0.71 0.60 0.60 
Aug 0.04 -0.28 -0.41 -0.15 -0.18 -0.12 -0.15 -0.14 -0.05 -0.13 -0.35 -0.35 
Sept -0.07 -0.13 -0.14 -0.26 -0.25 -0.07 -0.19 -0.13 0.02 -0.36 -0.40 -0.40 
Oct -0.03 -0.13 -0.10 -0.25 -0.30 -0.06 -0.22 -0.18 0.08 -0.23 -0.22 -0.22 
Nov -0.15 -0.12 -0.04 -0.15 -0.21 -0.10 -0.29 -0.06 0.23 -0.21 0.09 0.09 
Dec -0.08 -0.13 -0.09   -0.20 -0.15 0.00   -0.19 0.05 0.15   -0.12 0.00 0.00 
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Additional figure SM3.1. Monthly relationship between daily incoming radiation (Q, in 
MJ·m-2·day-1) and daily precipitation (P, in mm·day-1), for Barcelona meteorological station. 
We only took into account the days with P>0 to avoid biasses in our data. Dots are the 
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Additional figure SM3.2. Monthly relationship between daily incoming radiation (Q, in 
MJ·m-2·day-1) and daily precipitation (P, in mm·day-1), for Sevilla meteorological station. We 
only took into account the days with P>0 to avoid biasses in our data. Dots are the individual 
daily observations, and black line represents a smoothed fit. n = 1672. 
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"The weeds grew darker green to protect themselves, and they did not spread any more. 
 The surface of the earth crusted, a thin hard crust, and as the sky became pale, 
 so the earth became pale, pink in the red country and white in the gray country." 
 
The grapes of the Wrath, John Steinbeck 
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Abstract 
Ongoing climate change is strongly modifying water and energy balances 
across the globe, with severe implications for tree growth performance. It is 
expected that, in absence of nutrient limitations and no climate change, an 
increase of atmospheric [CO2] (Ca) would enhance tree growth. However, this 
fertilizing effect may be transitory, when both reduced soil water availability and 
increased air vapor pressure deficit (D) concur in the future climate. Here, we 
aimed to evaluate the effects on growth and water use of increased Ca (eCa), 
when counterbalanced by increased D and reduced soil water availability Sm for 
Eucalyptus saligna. growing in SE Australia. We used data from two field 
experiments. First, we calibrated GOTILWA+ process‐based model using data 
from a whole‐tree chamber experiment with saplings, manipulating Ca, D and soil 
moisture, and secondly we validated the model against leaf gas exchange and 
growth data from a ten‐year stand‐scale irrigation experiment. Then, we 
simulated E. saligna performance under different hypothesis of Ca, D and water 
availability conditions. 
Even after accounting for observed down‐regulation of photosynthesis, the 
model predicted that the effect of increased Ca outweighed the effects of 
increased D and reduced water availability on E. saligna productivity. Thus, the 
effect of rising Ca from 400 to 700 ppm led to a ~33% increase in GPP, a ~55% 
increase in WUE and a ~60% increase in aboveground biomass stock after 
10years. However, this fertilizing effect was partially offset when the effects of 
increased D and reduced precipitation were included, although water uptake 
from deep soil layers ameliorated the stand response to precipitation decreases. 
Thu, under eCa conditions, D increases equivalent to a 4ºC mean annual 
temperature increases, together with reductions in a 20% in annual precipitation 
decreased GPP and aboveground biomass enhancement due to eCa to only a 
16%, and a 35% respectively. Furthermore, D increases limited stand 
productivity in a similar magnitude than reductions in water availability. On the 
other hand, little changes in stand transpiration due to eCa were observed when 
both D and Ca were assumed to increase. The effect of increased D and leaf area 
counterbalanced projected reductions of canopy E due to lower stomatal 
conductance at higher Ca. Therefore, our results highlight the importance of 
properly account for D increases when evaluating the impacts of climate change, 
as well as to account for the use of deep soil water sources in deep‐rooted 
eucalypt tree species. 
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4.1 Introduction 
Ongoing climate change driven by anthropogenic Greenhouse effect Gases 
(GHGs) emissions is modifying Earth's energy balances in an unprecedented 
pace. One key GHG is CO2, whose atmospheric concentration has increased 
about a 45% during last 170 years, after First Industrial Revolution (Ciais et al., 
2014). This has resulted in an overall anomaly in temperature of 0.72‐0.85 ºC, 
compared to 1850‐1900 reference period (Lüthi et al., 2008; IPCC, 2013). 
During last decades (1990‐2017) forests have been reported to be a major 
buffer of atmospheric CO2 concentration (Ca) increases. They remove 
annually~3.6 PgC from the atmosphere, which corresponds to roughly a 34% of 
anthropogenic GHG emissions [e.g. Canadell et al., 2007; Pan et al., 2011, Quéré 
et al., 2018, see Keenan and Williams, (2018) for a review]. However, forest 
carbon uptake is limited by water in many areas of the globe (e.g. Nemani et al., 
2003; Humphrey et al., 2018), either by low water availability (e.g. Denmead and 
Shaw, 1962; Epron and Dreyer, 1993; Grassi and Magnani, 2005; Bréda et al., 
2006; Van der Molen et al., 2011; Humphrey et al., 2018), or high atmospheric 
vapor pressure deficit [D, in kPa; (e,g Barton et al., 2012; Novick et al., 2016; 
Ficklin and Novick, 2017; Sanginés de Cárcer et al., 2018)]. 
Setting aside the yet controversial responses of forest growth to temperature 
increases due to unknown photosynthesis and respiration acclimation responses 
to growth temperature (e.g. Dreyer et al., 2001; Atkin and Tjoelker, 2003; Chi et 
al., 2013;Yamori et al., 2014; Crous et al., 2017; Dusenge et al., 2018; 
Kumarathunge et al., 2018; Stinziano et al., 2018; Zandalinas et al., 2018), rising 
temperatures are projected to increase air D (Scheff and Frierson, 2014). So, in 
many temperate and subtropical regions, such as the Mediterranean, North 
America, the Amazon Basin, Southern Africa and the South‐West of Australia, 
climate change is projected to increase overall atmospheric aridity over land (e.g. 
Cook et al,, 2014; Seager et al., 2007; Jung et al., 2010; Sillmann et al., 2013; 
Berg and Sheffield, 2018; Lickley and Solomon, 2018; Lin et al., 2018), as well as 
the recurrence of extreme drought events (e.g. Burke et al., 2006; Sheffield and 
Wood, 2008; Dai, 2013; IPCC, 2013; Trenberth et al., 2014). Increased aridity 
will further limit forest carbon uptake (e.g. Williams et al., 2010; 2013; Doughty 
et al., 2015; Gazol et al., 2017; Caminero et al., 2017; Castro et al., 2018), thus 
potentially limiting their buffering effect of atmospheric GHG concentration 
increases. 
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On the other hand, increased Ca has led to an enhancement of forest 
productivity during last decades (e.g. Kimball et al., 2002; Keenan et al., 2013; 
Cheng et al., 2017; Peñuelas et al., 2017). More precisely, increased Ca increases 
intrinsic water use efficiency [iWUE, in mmolmol‐1; (e.g. Barton et al., 2012; De 
Kawe et al., 2013; Keenan et al., 2013)], due to both a reduced stomatal 
conductance (e.g. Farquhar and Sharkey, 1982; Medlyn et al., 2001; Ainsworth 
and Long, 2005; Medlyn et al., 2011) and an increase in sub‐stomatal chamber's 
CO2 concentration (Ci) at increasing Ca (e.g. Barton et al., 2012; Kelly et al., 
2016). However, down‐regulation of photosynthesis at rising Ca (e.g. Tissue et 
al., 1993; Moore et al., 1999; Ainsworth et al., 2004; Ainsworth and Rogers, 
2007; see Dusenge et al., (2018) for a review), together with the plateau in An 
response to Ci increases at high Ci (Farquar et al., 1980), and photosynthetic 
capacity reductions at low nutrient availability (e.g. Warren et al., 2015; 
Ellsworth et al., 2017) may limit the fertilizing effect of increased Ca on 
photosynthesis. Furthermore, reduced water availability may further limit Ca 
fertilization (e.g. Lewis et al., 2013; Peñuelas et al., 2017; Reich et al., 2018). 
So, forest growth responses to changes in those three key environmental 
drivers for transpiration and photosynthesis (i.e. Ca, D and soil water availability) 
are still uncertain. Even more, they may present contrasting effects depending 
on the forest system considered and on the temporal or spatial scale in which 
they are evaluated. For instance, although gs reductions at elevated Ca 
conditions (eCa) has been reported, increases in leaf area implied that 
transpiration amount did not change at stand level in an Eucalyptus spp. stand 
(Gimeno et al., 2018). On the other hand, no differences in iWUE increases at 
eCa where found between leaf and canopy levels in Eucalyptus saligna saplings 
growing in Whole Tree Chambers (Barton et al., 2012). Furthermore, although a 
reduced iWUE response to eCa was expected under drought conditions (e.g. 
Mäkelä et al., 1996; Zhou et al., 2013), iWUE of an Eucalyptus spp. stand growing 
at eCa was not affected by drought differently than growing in aCa (Kelly et al., 
2016). 
In addition, separating the effects of increased temperature from the effects 
of increased D may be challenging in field experiments (e.g. Reddy et al., 1995), 
providing that D for a given air vapor pressure is determined by changes in 
temperature according to the Clausius‐Clapeyron potential relationship. To solve 
that issue, modeling approaches by using process‐based forest simulation 
models allow us to explore the impact of different environmental drivers on 
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forest ecophysiology, even when those are difficult to separate in field 
conditions, such as D and Tair. 
In this study we aimed to quantify the sensitivity of the productivity and 
transpiration of an Eucalyptus saligna Sm. plantation to several environmental 
drivers related to climate change. Particularly, we analyzed projected 
productivity and transpiration changes driven by increased D, reduced soil water 
availability and increased Ca, both alone and in combination. To do so, we 
parameterized GOTILWA+ model from "in situ" photosynthesis, transpiration 
and growth measurements. Then, we used GOTILWA+ to evaluate E. saligna 
performance under different environmental conditions. 
Our hypothesis are that: i) Rising Ca will enhance E. saligna productivity 
(Ghannoum et al., 2010a,b). ii) Reducing precipitation will reduce E. saligna 
productivity (e.g. Lewis et al., 2013; Drake et al., 2017; Humphrey et al., 2018), 
although deep soil water sources may be able to partially mitigate reduced soil 
water availability (Duursma et al., 2011). iii) Increasing D will reduce E. saligna 
productivity (e.g. Novick et al., 2016; Sanginés de Cárcer et al., 2018). iv) D 
increases and water availability reductions will combine to limit the fertilizing 
effect of eCa. v) When accounting for deep soil water uptake, transpiration 
changes at stand level will be mostly driven by relative D, leaf area and Ca 
changes (e.g. Swann et al., 2016; Gimeno et al., 2018). 
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4.2 Material and methods 
4.2.1 Site description and experimental setup 
All measurements were performed in a mono‐specific Sydney Blue Gum 
(Eucalyptus saligna Sm.) plantation located at the Western Sydney University 
Hawkesbury Campus: the Hawkesbury Forest Experiment (hereafter referred as 
HFE), in Richmond, NSW, Australia (33º36'40''S, 150º44'27''E, 20 m.a.s.l).The 
climate is temperate‐subtropical, with mean minimum and maximum 
temperatures of 10.5 and 23.9 ºC, respectively, and mean annual precipitation of 
801 mm·year‐1during the 1980‐2010 period (Australian Bureau of Meteorology, 
http://www.bom.gov.au/; Barton et al., 2010; Hérault et al., 2013). Upper soil 
layers are an alluvial formation of low‐fertility sandy loam soils, with low organic 
matter content. Below 100 cm depth, there is a water‐saturated clay layer that 
limits drainage from the upper parts of the soil (Duursma et al., 2011). 
E. saligna is a fast‐growing, water‐demanding tree species originating from 
humid and temperate coastal and wet montane Australian regions [mean annual 
rainfall = 900‐1800 mm·year‐1; mean annual temperature = 21.4 ºC (Boland et 
al., 2006)]. It has been observed to develop deep roots in the HFE, with capacity 
to take up water down to ~ 4.5 m depth (Duursma et al., 2011). Due to its high 
productivity (e.g. Giardina et al., 2003), E. saligna has been planted for pulp 
extraction around the world, in regions such as South Africa (Lückhoff, 1955), 
Brazil (Almeida et al., 2016) and Hawaii (DeBell et al., 2001). 
In HFE, two separate experiments were performed in two different E. saligna 
stands: a whole tree chamber experiment (hereafter referred as WTC) and an 
Irrigation experiment (hereafter referred as Ir). For the Ir experiment, E. saligna 
seedlings were planted in April, 2007 at a density of 1000 trees·ha‐1. Four 
square plots per treatment (i.e. Control and Irrigation, size = 38.5x41.6 m, ~160 
trees per plot) were randomly determined. The plots were laid out and planting 
rows were ripped to a depth of 30 cm. Deeper ripping and mounding was 
unnecessary due to the sandy nature of the top soil. A 2‐m wide strip was 
sprayed with herbicide to control weed growth prior to planting. In each plot, a 
computerized irrigation system capable of supplying a uniform distribution of 
water across each plot at a rate of 7 mm per hr was installed. The irrigation 
treatment consists of the application of 15 mm every fourth day (delivered at 
night).Irrigation is withheld during periods of high rainfall to avoid leaching of 
nutrients or water‐logging. For each plot, we performed 14 measurement 
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campaigns between 2007 and 2018, in which we measured the diameter at 
breast height (DBH, in cm) at~1.3 m for each individual tree and then we 
averaged the DBH per plot. 
The WTC experimental setup is thoroughly detailed in Barton et al. (2010). 
Briefly, E. saligna saplings were planted in April 2007 into  twelve 10 m high and 
10 m2 surface whole tree chambers. Trees were grown from April 2007 to 
March 2009 under a 2 x 2 factorial combination of atmospheric CO2 and 
watering treatments. The CO2 treatment levels were ambient CO2 (aCa, 380 
ppm) and elevated CO2 (eCa,620 ppm); see Barton et al., (2012) for further 
details. The watering treatment levels were wet (irrigated throughout the 
monitoring period) and dry (imposed dry‐down from October, 2008 to February, 
2009); see Duursma et al., (2011) for further details. This setup led to 3 
replicates for each Ca x Drought treatment. The chambers were surrounded by 
control trees, planted at a density of 1000 trees·ha‐1. 
4.2.2 Leaf gas exchange 
Gas exchange measurements were performed on the WTC trees during 9 
sampling campaigns, from September 2007 to March 2009. Measurements were 
performed on sun‐exposed, fully expanded leaves, with three replicates per 
WTC per campaign, using two portable infrared gas analyzer systems (LI‐6400, 
Li‐Cor, Inc., Lincoln, NE, USA) with a 6 cm2 chamber. Measurements were taken 
at saturating Photon Flux Density (PFD > 1800 mol m‐2s‐1). Assimilation in 
relation to [CO2] in the intercellular space (An/Ci) curves were generated by 
increasing Ca inside the chamber in 9 to 10 steps. The first measurement was 
taken at ambient Ca. Then, we started the measurements at sub‐ambient Ca, 
with minimum Ca around 37.5 ppm, near CO2 compensation point. We increased 
Ca progressively up to a maximum of 2000 ppm. Leaf temperature (Tleaf, in ºC) 
was also registered during An/Ci measurements. Measurements were taken 
under prevailing temperature and humidity conditions within each WTC at the 
time of measurement. 
4.2.3 Whole tree carbon and water fluxes 
For each WTC, aboveground Net Carbon Uptake (NCU), defined as the 
aboveground net carbon flux per unit of leaf area and unit of ground (i.e. NCU = 
An ‐ aboveground maintenance respiration ‐ aboveground growth respiration, in 
gC m‐2leaf day‐1), and transpiration per unit of leaf area and unit of ground(E, in 
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mm·leaf‐2), were measured and recorded in 14‐minute intervals from April 2008 
to March 2009. Also, environmental conditions inside each WTC were measured 
(i.e. air temperature, D, solar irradiation and wind speed) [see Barton et al., 
(2010; 2012), for a further description]. For the purposes of this study, we 
calculated mean daylight D inside each WTC on a daily basis. Standing leaf area 
(L, in m2) per tree was obtained by regular leaf litter‐fall recollection and bi‐
weekly tree height measurements. Standing leaf area was then correlated to tree 
height by using an allometric equation. Daily standing leaf area was calculated 
for the bi‐weekly tree height measurements and then linearly interpolated in‐
between [see Barton et al., (2012) for further details]. Then, we integrated NCU 
and E on a daily basis, from April, 2008 to March, 2009, in order to obtain 
NCUday (in gC m
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4.2.4 Soil water content 
Volumetric soil water content (SWC, in %) for each WTC was continuously 
measured at first 10 cm of soil with a Theta probe (Delta T instruments) 
throughout the studied period. Additionally, for each WTC, SWC at 0.25m, 0.5m 
and 0.75m depth was measured bi‐weekly with a neutron probe (503DR 
Hydroprobe®, Instrotek, NC, USA) [see Duursma et al., (2011) for further 
details]. Because of the need for a continuous SWC register in order to calculate 
the limiting effect of decreasing SWC on photosynthesis,  for each WTC, 
discrete SWC measurements at the three depths were then correlated to 
continuous SWC measurements using a 3‐degree of freedom Generalized 
Additive Model [(GAM), Wood, 2017], in order to obtain daily SWC time‐series 
for each different soil depth. Although discrete SWC measurements accounted 
down to 4.5 m depth at 0.25m depth steps, we only considered using 0.25m, 
0.5m and 0.75m soil depth because correlation with continuous measurements 
worsened with measuring depth (see SM Figure 4.2 as an example), and because 
below 1m depth SWC was found to be saturated due to an impermeable clay 
layer (Duursma et al., 2011). Once daily SWC was obtained for each WTC and 
soil depth, we calculated the daily SWC relative to maximum SWC (S, 
SWC/SWCmax, unitless), by dividing daily SWC by an average of the 5% highest 
daily SWC values (Figure 4.1). Thus, we obtained three daily series of S values 
for each WTC: S25, S50 and S75. 
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Figure 4.2. Evolution of SWC relative to maximum SWC (S, SWC/SWCmax) for the two 
treatments and the two CO2 concentrations [a) Dry-down aCa; b) Dry-down eCa; c) Irrigated 
aCa; d) Irrigated eCa ] throughout the experiment. Lines and shadowed area represent the 
daily average S ± 1 SD for all 3 WTC in each treatment, and for 3 soil depths [0.25m (solid, 
light grey); 0.5 (dashed,  grey); 0.75 (dotted, dark grey)]. SWC for each WTC and for each soil 
depth was obtained by non-linear correlation of continuous 10 cm depth SWC 
measurements, to 38 different discrete SWC measurements for a given soil depth (see 
description below). 
4.2.5 Meteorological data 
Daily meteorological data for the 2008‐2017 period were obtained from the 
Richmond RAAF base meteorological station (Station 067105, bom.gov.au, see 
SM Figure 2), a meteorological station located about 3 km east of HFE. Registers 
include daily precipitation (P, in mm day‐1), maximum and minimum temperature 
(Tmax and Tmin, in ºC), solar irradiation (Q, in MJ m
‐2 day‐1), and air relative 
humidity (HR, in %). One and two‐day gaps in the register were linearly 
interpolated. Wider gaps in Tmax and Tmin registers were interpolated from 
Windsor Bridge meteorological station (REF = 067095, bom.gov.au), located 
about 5 km westward from the HFE, by linear regression [(Tmax: n = 2821, t‐
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value = 455.1, R2 = 0.99), (Tmin: n = 2821, t‐value = 244.3, R2 = 0.96)]. From HR 
and Tmin we calculated daily mean air water vapor pressure (VP, in kPa) according 
to Clausius‐Clapeyron relationship. Potential Evapotranspiration (PET, in mm 
day‐1) was calculated ona daily basis according to the Pennman‐Monteith 
equation (Allen et al., 1998). 
Mean annual Tmax during 2008‐2017 period was 24.9 ± 0.8 ºC (mean ± 1SD). 
Mean annual Tmin was 10.9 ± 0.6 ºC for the same period (see Supplementary 
material Figure SM4.2). Mean annual D was 1.49 ± 0.16 kPa. Furthermore, it was 
significantly correlated with mean Tmax (n = 10, t = ‐4.32, p<0.01, R2 = 0.67, after 
a log‐log transformation). Mean annual precipitation was 754 ± 112 mm year‐1. 
Mean annual PET was 1532+/‐114 mm year‐1. 365‐day cumulated water deficit 
(PET365‐ P365) ranged between 194 and 1291 mm year
‐1, with P365 always lower 
than PET365. This indicates atmospheric drought stress upon vegetation 
throughout the study period (Vicente‐Serrano et al., 2010; Berg and Sheffield, 
2018). 
4.2.6 Modeling approach 
Field observations were used to calibrate and validate the GOTILWA+ model. 
Afterwards, we simulated the effects of different environmental drivers on an E. 
saligna plantation of 1000 trees ha‐1, and a management rotation of 10 years. 
GOTILWA+ is a process‐based forest dynamic simulation model, focused on 
forest carbon and water balances (www.creaf.uab.es/gotilwa, Gracia et al., 1999; 
Keenan et al., 2009; Fontes et al., 2010; Nadal‐Sala et al., 2017). GOTILWA+ has 
been tested and validated against both flux data and stand data (e.g. Kramer et 
al., 2002; Morales et al., 2005; Gracia et al., 2007; Keenan et al., 2009; Keenan 
et al., 2010; Bugmann et al., 2019). GOTILWA+ has been used Europe‐wide to 
project climate change and forest management impacts on forest carbon and 
water fluxes (e.g. Sabaté et al., 2002; Keenan et al., 2010; Keenan et al., 2011; 
Reyer et al., 2017; Nadal‐Sala et al., 2109). 
Briefly, GOTILWA+ simulates carbon and water fluxes in a mono‐specific 
forest stand taking into account environmental drivers (i.e. climate and Ca), 
forest structure, and management. See previous references for a further 
description of GOTILWA+ model processes hierarchy and integration. 
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4.2.7 Gas exchange in absence of drought stress 
In GOTILWA+, at a hourly time step, stomatal conductance (gs, in mol m
‐2 s‐1), 
and net assimilation (An, in mol m
‐2 s‐1) are obtained iteratively, while closing the 
leaf energy balance according to Gates (1962, 1980). In contrast to previous 
GOTILWA+ versions, Leuning's stomatal conductance model (Leuning, 1995) has 
been replaced by the optimal stomatal behavior model (Medlyn et al., 2011, 
Equation 4.1):  






   Equation 4.1] 
where g0 is the residual conductance (in molm
‐2s‐1), An is the net assimilation, 
g1 is the stomatal operating point parameter (in kPa
0.5), D is the vapor pressure 
deficit (in kPa) and Ca is the atmospheric CO2 concentration. For E. saligna, g0 
and g1 were obtained from "in situ" observations described in Héroult et al., 
(2013). An is calculated according to the Farquhar‐van Caemmerer‐Berry model 
(FvCB, Farquhar et al, 1980; De Pury and Farquhar, 1997). Vcmax and Jmax in the 
FvCB model are temperature‐dependent (e.g. Farquhar et al., 1980; Harley et al., 
1992), with activation and deactivation energies for E. saligna obtained from Lin 
et al., (2013), measured at aCa. Rd is also temperature dependent, and is assumed 
to increase exponentially with leaf temperature. They enter as parameters in 
GOTILWA+ as Vcmax, Jmax and Rd values when measured at 25ºC (Vcmax25, Jmax25 
and Rd25). Kc, Ko, and * are also assumed temperature‐dependent, with 
activation and deactivation energies obtained from Bernacchi et al., (2001) (See 
Supplementary Material Table SM 4.1 for further details). 
GOTILWA+ accounts for both equilibrium transpiration, which is positively 
correlated with incident radiation, and imposed transpiration, which is 
dependent on gs and D. They are partitioned by the  coefficient, a measure of 
the decoupling of leaf boundary layer from the atmosphere, calculated according 
to Jarvis and McNaughton (1986). 
4.2.8 Effect of drought stress 
Under reduced soil water availability, GOTILWA+ assumes there is a 
biochemical limitation to photosynthesis (Keenan et al., 2010). An empirical b 
coefficient is applied to Vcmax25 and Jmax25 (e.g. De Kauwe et al., 2015; Drake et 
al., 2017; Equations 4.2 and 4.3, see Smith et al., 2014 for a review). The b 
coefficient is an empirical coefficient that also includes changes in mesophyll 
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conductance. The b coefficient is 1 when soil water content is high, and is 0 ≤ b< 
1 when photosynthesis is limited by water availability 
    = (
       
         
)     if Si<Smax  Equation 4.2] 
  = 1 if Si  Smax 
Where Si is the current SWC divided by maximum observed SWC, Smax is the 
value of Si above which there is no water limitation upon photosynthesis, and 
Smin is the critical Si value below which b= 0 (in mm). The parameters q describes 
the non‐linearity of b responses to decreases in Si. For a given S, the water‐
limited Vcmax25S and Jmax25S  are given by the unlimited parameters multiplied by 
the b coefficient 
         =           ·  b             Equation 4.3] 
               =         ·  b  
The soil moisture content is represented in two layers, the superficial soil 
layer soil water content relative to superficial layer maximum soil water content 
(Sunsaturated). This soil compartment is depleted physically by drainage and runoff, 
and biologically by tree transpiration, therefore Sunsaturated values vary 
dynamically. On the other hand, the deep soil layer soil water content relative to 
maximum soil water content (Ssaturated), is assumed to be constant, as deep soil 
layers are assumed to be wet permanently. The fraction of Ssaturated available for 
tree to be mobilized is described using an a coefficient. Here, a is the amount of 
water available from the saturated layer when Sunsaturated layer is not limiting 
photosynthesis. 
        = a            +  (1 − a)                  Equation 4.4] 
Close‐to‐zero a values imply that tree photosynthesis is strongly dependent 
on water available in the upper soil layer, whilst trees with high a values are able 
to mobilize more water from the saturated soil layer (Nadal‐Sala et al., 2019). 
Therefore, trees with higher a values will have relatively weak photosynthetic 
responses to declines in Sunsaturated. Ssaturated is assumed to be equal to Sunsaturated 
when unsaturated soil is at its field capacity. Here, it was set to 0.7, according to 
year 2008 S50 observed values at non‐irrigated WTCs (Figures 4.2a and 4.2b, 
05/2008‐09/2008 period for S50). The presence of a saturated soil layer is in 
accordance of previous observations of increases in water source depth under 
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experimental drought stress for HEF E. saligna stand [Duursma et al., 2011 (their 
Figure 7a)]. 
4.2.9 Bayesian model parameterization 
Bayesian model inversion allows the likely distribution of model parameters to 
be obtained, given a set of observations and "a priori" information about the 
distribution of such parameters. Recently, due to the increment of 
computational power available, Bayesian model inversion has increasingly been 
used as a source of robust parameter estimates to run complex simulation 
models in ecology (e.g. O'Hara et al., 2002; Ellison, 2004; Hartig et al., 2012; 
Dietze et al., 2018). 
We applied Bayesian model inversion to the FvCB model (e.g. Feng and 
Dietze, 2013), to calibrate Vcmax25ref and Jmax25ref ‐i.e. the Vcmax and Jmax at 25ºC 
and under no water limitations‐. Although the most common assumption about 
model error is a Gaussian distribution, this distribution is very sensitive to 
outliers (Augustynczik et al., 2017). Thus, we assumed a double‐exponential 
(Laplace) error for our likelihood function in order to reduce the weight of 
outliers. In addition, we used as a sampler a Differential Evolution with a 
memory snooker update algorithm (DEzs, teerBraak and Vrugt, 2008), 
implemented in the BayesianTools package (Hartig et al., 2017), to run the 
MCMC. 
As observations, we used An/Ci, leaf irradiance and leaf temperature under 
well watered conditions. Here, we separated the data between calibration data 
(n = 466) and validation data (n = 77). As Vcmax25ref and Rd25ref were strongly 
correlated when calibrated together during initial explorations (Pearson's r > 0.8, 
data not shown), we set Rd25ref to a constant fraction of Vcmaxref according to 
Collatz et al., (1991) [Rd25ref = 0.015·Vcmax25ref].  
In order to account for down‐regulation of photosynthesis under elevated Ca, 
we ran two separate FvCB model calibrations, one using An/Ci data obtained 
under aCa (n = 230), and another using An/Ci data obtained under eCa (n = 236). 
Then, we obtained median Vcmax25ref and Jmax25ref for aCa and eCa treatments. 
Afterwards, we linearly interpolated the decrease in median Vcmax25ref and median 
Jmax25ref under eCa as a percent change per unit of Ca increase, in order to be able 
to simulate the whole range of Ca conditions. 
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In order to characterize the b‐model, we ran a third inverse calibration with 
the same simulation setup. This time, however, observations were the An/Ci 
curves from WTC under dry‐down experiment, and under 350 ≤ Ca ≤ 700 ppm 
conditions, which is the range in which the sensitivity analysis to changing Ca 
were performed [see below, (n = 137)]. We assumed the previously estimated 
median Vcmax25ref and median Jmax25ref values, and calibrated the parameters Smin, 
Smax, q and a (Table 4.1). 
For all calibrations, the procedure was the same: 100k model simulations 
were run, and then the first 50k were discarded as a burn‐in. In addition, in order 
to test convergence, for each model inversion 3 independent chains were run, 
and we considered convergence achieved under a conservative (Brooks and 
Gelman, 1998) Gelman‐Rubin's test score (Gelman and Rubin, 1992) of 1.1.  
4.2.10 Model validation 
In order to validate modeled Ansim,ref against independent An/Ci data, we used 
an independent sample from the dry‐down WTC experiment observations 
(including both eCa and aCa) under no water limitation (S50  0.95), and under 
350 ≤ Ca ≤ 700 ppm conditions, which again is the range in which the sensitivity 
analysis to changing Ca were performed (n = 77). After b model inclusion, 
modeled An both under aCa and eCa was tested against an independent dataset 
including all S50 conditions (n = 310). 
We validated GOTILWA+ model projections as follows: once FvCB and 
bmodels were parameterized, median marginal posterior values for each 
parameter calibrated were included in GOTILWA+. Then, we ran two simulations 
for the original E. saligna stand during 2008‐2017 period under observed 
meteorological conditions: under aCa (380 ppm) conditions and under eCa (620 
ppm) conditions. Modeled daily stand NCU and E were then correlated with 
mean daylight D, and we compared simulation results with observations within 
single‐tree WTC under each Ca treatment. 
Afterwards, two separate ten‐year simulations, with and without irrigation, 
were run for the 2008‐2017 period in order to evaluate the ability of 
GOTILWA+ to capture stand‐scale responses to water availability. Irrigation was 
implemented as a constant 3.75 mm day‐1 addition of water directly to the soil 
during night. We compared simulated mean stand DBH against observed mean 
stand DBH, with and without irrigation. 
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Additionally, a parameter provides us with an estimate of water source 
partitioning as S50 dries, through the relation of Ssaturated/Stotal, according to 
Equation 4.4. In order to check if parameter estimates were properly 
reproducing observations on E. saligna water source shift during the dry‐down 
experiment, modeled Ssaturated/Stotal, assuming Ssaturated to be all water obtained 
below 50 cm depth, was tested against observed Ssaturated/Stotal during two 
discrete campaigns, under moderate and extreme Sunsaturated drought conditions 
[data extracted from Figure 7, Duursma et al., (2011)]. 
4.2.11 Climate sensitivity scenarios 
Once validated, GOTILWA+ model was used to predict E. saligna plantation 
performance under a range of different environmental conditions. Three 
environmental drivers were considered in this sensitivity analysis, with upper 
and lower boundaries of change based on IPCC, (2013) and Webb and 
Hennessy, (2015): 
Five levels of Ca were simulated, viz. Ca = 350, 400, 500, 600 and 700 ppm. 
Additionally, six levels of precipitation anomaly were considered, i.e. +5, +0, ‐5, ‐
10, ‐15 and ‐20% of annual precipitation. No seasonal variations were included 
here. Each precipitation change scenario affected water availability at the deep 
soil layers as a reduction of its Ssaturated proportional to the precipitation 
decrease. This integrates recent findings of soil water content changes down to 
3 m depth to be driven by changes in precipitation at a regional scale (Berg et al., 
2017 and references therein). 
Finally, we evaluated the effect of increased D on E. saligna performance. We 
assumed no changes in atmospheric water vapor pressure (VP, kPa), as has been 
observed to date (Trenberth et al., 2007). We assumed changes in air 
temperature of ‐1, 0, 1, 2, 3, 4 ºC and calculated D for each air temperature 
scenario following the Clausius‐Clapeyron relationship. As D responses to 
temperature changes are non‐linear, throughout the manuscript we report those 
changes as T (D), in ºC. The mean annual D for the temperature scenarios was 
1.33, 1.49, 1.66, 1.83, 2.02, 2.21 kPa, respectively, which corresponded to ‐11%, 
0%, 11%, 23%, 36% and 48% increases in mean annual D. Again, no seasonal 
variations were considered here.  
The initial stand was set up as a 1000 trees ha‐1 E. saligna plantation with 
initial DBH = 2.6 cm. A total of 180 ten‐year simulation runs were performed, 
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thus covering all combinations of environmental change scenarios. To do so, 
reference meteorological time‐series daily values were modified according to 
each environmental driver's change. 
4.2.12 Statistical analysis 
All statistical analyses were performed using R software, version 3.5.3 [(R 
Development Core Team, 2018)]. Bayesian model inversions were performed 
with the "BayesianTools" package (Hartig et al., 2017). GAM analyses were 
performed with the "mgcv" package (Wood, 2004; Wood, 2017). For all least 
squares regressions, homoscedasticity and normality of the residuals was 
visually checked, and data were log‐transformed when necessary. 
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4.3 Results 
4.3.1 Parameterization by Bayesian inversion 
Inverse FvCB model calibration from An/Ci observations resulted in bell‐
shaped, uncorrelated parameter posterior distributions. Median posterior 
parameter estimates for Vcmax and Jmax at 25 ºC, at ambient CO2 and under no 
soil water stress (aVcmax,25 and  aJmax,25, both in mol m
‐2 s‐1) were 99.0 and 154.3 
respectively (Table 1). The values were reduced by 12% and 6% respectively 
under eCa conditions. Furthermore, the 99% confidence interval from two GAM 
analysis relating observed and simulated An to Ci fully overlapped along all 
measured Ci gradient (see Supplementary Material Figure SM4.3). Thereafter, 
linear decreases of 4.5% per 100 ppm and 2.5% per 100 ppm of Ca increase 
from aCa for Vcmax25ref and Jmax25ref were obtained, respectively. 
Calibrated FvCB model projections were in close agreement with the 
independent An/Ci measurements obtained under no water limitation (S50 > 95%) 
and under both eCa and aCa conditions (350 ≤ Ca ≤ 700 ppm) (n = 77, R2 = 0.85, 
RMSE = 3.72, Figure 4.3). 
Table 4.1 | Prior and posterior distributions for the three Bayesian calibrations 
performed. For all parameters a uniform prior distribution was assumed. For each 
parameter, median values and 5-95% CI of their posterior marginal distribution are 
noted. aVcmax25ref and aJmax25ref are Vcmax and Jmax at 25 ºC with no drought limitation 
values for aCa treatment (mol m
-2 s-1). eVcmax25ref and eJmax25ref are Vcmax and Jmax at 25 
ºC with no drought limitation values for eCa treatment. Smin is the minimum Sunsaturated 
below which An = 0, and Smax is the minimum Sunsaturated above which there is no water 
limitation upon An (both in %). q is a unit-less scale coefficient according to equation 5.a 
is the fraction of water available below 50 cm soil depth when S50 is not limiting for 
photosynthesis, according to Equation 4.4. 
Variable 
Prior Posterior 
Lower Upper   2.5% Median 97.5% 
aVcmax25ref 
(mol m‐2 s‐1) 
60 110 
 
98.3 99.0 99.7 
aJmax25ref 
(mol m‐2 s‐1) 
90 160 
 
152.0 154.3 156.2 
eVcmax25ref 
(mol m‐2 s‐1) 
60 110 
 
82.6 87.6 92.3 
eJmax25ref 
(mol m‐2 s‐1) 
90 160 
 
142.5 145.1 149.0 
Smin (%) 1 10 1.1 4.3 9.6 
Smax (%) 70 95 94.6 94.9 95.0 
Q 0.1 0.6 0.34 0.44 0.56 
a 0.1 0.7   0.29 0.45 0.60 
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Figure 4.3. Validation of simulated assimilation (An,sim, in mol m
-2 s-1) against observed 
assimilation (An,obs,in mol m
-2 s-1), for an independent subset of An/Ci data, obtained under 
no water limitation (S50> 95%) and under 350 ≤ Ca ≤ 700 ppm conditions. Black dots 
represent data from aCa WTC, whereas open circles represent data from eCa WTC. R2, RMSE 
and linear regression coefficients are indicated. Linear regression plotted as mean ± 95% CI. 
Figure 4.4a shows the response to soil moisture of observed An (An,obs), which 
includes water limitations on photosynthesis, normalized by the reference An, 
obtained from FvCB model simulations under no water availability limitation 
(An.sim). GAM analysis (mean ± 95% CI) showed that the relationship of 
An,obs/An,sim with S25 overlapped almost entirely with the relationship with S50. 
Therefore, we elected to consider only S50 values for the following analysis. 
The Bayesian inversion of the b‐model also reduced prior parameter 
uncertainty, although Smin and Smax posterior marginal distributions tended to the 
lower and upper bounds of their prior distribution (Table 4.1). Moreover, q < 1 
values resulted in a concave photosynthesis response to decreases in Sunsaturated. 
Additionally, Bayesian inversion also showed that median a coefficient was 0.45. 
Following parameterization, the simulated An under water limitations (An,sim,S) 
agreed well with observations when S50 ≤ 0.9, as long as there was a 
dependence on both Sunsaturated and Ssaturated (Figure 4.4b). On the other hand, if 
the dependence on Ssaturated was not taken into account, the reduction in An,sim,S 
with decreasing S50 was overestimated when S50 fell below 0.7. 
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Figure 4.4. Observed (a) and simulated (b) photosynthesis responses to soil water availability 
S. a) Observed An (An,obs, in mol m
-2 s-1), normalized by simulated reference An under no 
drought stress (An ,sim,ref, in mol m
-2 s-1), as a function of S at two soil depths (S25 = 25 cm 
depth, and S50 = 50 cm depth). Fitted 3-df GAMs (mean ± 95% CI) are shown for 
An,obs/An,sim,ref vs S25 (light grey polygon) and S50 (dark grey polygon). Decreases in deviance 
with respect to the null model are indicated on the plot for both GAM models. b) simulated An 
(An,sim,S, in mol m
-2 s-1), normalized by simulated reference An under no drought stress (An,sim,S, 
in mol m-2 s-1), as a function of S50. For each point, 1k samples of simulated An were 
obtained by posterior distribution sampling. Two samples are shown, one considering both 
Sunsaturated and Ssaturated (white circles), and one considering only Sunsaturated (black dots). 
Shadowed area is the 95% CI of GAM (An,obs / An ,sim,ref to S50) in panel a. 
There was a good agreement between the projections of An FvCB+b model's 
projections (An,sim,S) and An observations under all water availability conditions 
[An,obs, (n = 310, R2 = 0.67, RMSE = 5.05), Figure 4.5a], including both aCa and 
eCa conditions. In addition, the calibrated a coefficient, which defines water 
source partitioning between S50 and Ssaturated as S50 declines, was in good 
agreement with Duursma et al., (2011, their Figure 7) who reported water 
source observations for the WTC during the dry‐down experiment. The 
calibrated model was able to reproduce the water source partitioning for the 
two discrete "in situ" measurements (Figure 4.5b). Also, we found that Ssaturated 
proportionally increases in importance as water supply for E. saligna as Sunsaturated 
decreases. It represents the ability of E. saligna to shift its water source from 
superficial soil layers to deeper layers under drought stress. 
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Figure 4.5. a) Validation of the full leaf model against observed data. Simulated An under 
different S50 conditions (An,sim,S, in mol m
-2 s-1) is evaluated against measured An (An,obs, in 
mol m-2 s-1), for trees growing under ambient Ca conditions (aCa, black dots) and under 
elevated Ca conditions (eCa, open dots). Linear regression (black thick line) ± 95% CI (black 
thin lines) are noted. b) Changes in water source as S50 decreases, calculated from Equation 
4.4. The modeled ratio of Ssaturated to Stotal (i.e. the fraction of total water mobilized obtained 
below 50 cm) is expressed as a function of unsaturated soil water content (S50), using median 
a coefficient ± 95% CI (black line ± grey area). White dots represent observed mean ± 1SD (n 
= 6) fraction of water uptake below 50 cm for two discrete sampling campaigns reported in 
Duursma et al., (2011, Figure 7). 
4.3.2 GOTILWA+ validation against canopy gas exchange and stand structure data 
The net carbon uptake per unit leaf area (NCU), transpiration per unit leaf 
area (E) and whole‐canopy water use efficiency (NCU/E) were highly dependent 
on D for both observed and simulated data for both aCa and eCa conditions 
(Figure 4.6). At aCa, stand carbon and water fluxes responses to D were similar 
than WTC single‐tree observations (Figure 4.6), although simulations slightly 
underestimated the limiting effect of elevated D on E at aCa, when compared 
with observations (Figure 4.6b). However, differences in E were so slight that 
they did not affect mean NCU/E responses to D, where observed and simulated 
responses matched entirely for all D observed conditions (Figure 4.6c). After a 
swift increase when D ≤ 1 kPa, NCU and E peaked at D1.1 kPa and D2.2 kPa, 
respectively, with a steeper decrease in NCU than in E at higher D values. This 
translated to reduced NCU/Eat high D conditions, with mean negative values of 
NCU and NCU/E for D above ca. 3 kPa. 
Stand simulation under eCa conditions provided similar NCU values than 
observations at single‐tree WTCs (Figure 4.6d), with overlapping NCU responses 
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to D increases between simulated and observed at D>1 kPa. Moreover, 
simulated NCU were within observed ranges along all considered D gradient. 
Furthermore, a peaked response of NCU to D at 1.53 kPa, was observed in the 
simulation. This was in good agreement with observed peaked NCU response at 
1.45 kPa. Simulated E overlapped with single‐tree WTC observations under all D 
conditions. However E was underestimated at 1‐2 kPa and overestimated at D > 
2, with a peaked response of simulated E to D at 3 kPa. Conversely, observed E 
to D responses peaked at the range of 1.5‐2 kPa (Figure 4.6e). Finally, due to 
overestimation in NCU at D ≤ 1 kPa, simulations tended to overestimate NCU/E 
(Figure 4.6f), although the high variability in NCU/E observations implied that 
simulated NCU/E were always within the range of observations. Moreover, at D 
>1 kPa, simulated NCU/E coincided with observations along all D gradient. 
Further simulations exploring the relationship between GPP/LAI at 700 ppm 
related to GPP/LAI at 400 ppm (eGPP/aGPP) suggested that it increased 
monotonically as D increased, while the relationship between E/LAI at eCa 
related to E/LAI at aCa (eE/aE) along a D gradient increased monotonically only 
until ~ 3 kPa, and exponentially above this threshold (See Supplementary 
material Figure SM4.4), although with a very smooth slope, close to linearity. On 
the other hand, a simulation under Ca = 620 ppm considering sub‐optimal 
stomatal behavior (i.e. considering D0.61 instead of D0.5 in Equation 4,1, according 
to Duursma et al., 2013) resulted in a complete agreement to observations at D 
> 1.8, and a peaked response of E to D at 2 kPa (See Supplementary material 
Figure SM4.5). 
Similarly, GOTILWA+ simulations also captured the growth response of E. 
saligna stands to irrigation, with higher mean diameter at breast height (DBH, in 
cm) values when irrigation was included in the simulation (Figure 4.7). By the end 
of year 2017, after 10 simulation years, mean DBH in irrigated stands was ~3.5 
cm higher than in control stand, thus reproducing "in situ" observations.  
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Figure 4.6. Responses of daily Net Carbon Uptake per leaf area and per ground area (NCU, in 
gC m-2leaf d-1, a), daily Transpiration per leaf area and ground area (E, in kgH2O m
-2leaf day-1, 
b), and daily water use efficiency (NCU/E, gC kgH2O
-1), c), to mean daylight vapor pressure 
deficit (D, in kPa). Measured (blue dots) and simulated (red circles) values are represented 
against D. In addition, 5 df maximum GAM are also noted in each panel for the relationship 
between measured (blue area) and simulated (red area) values to D (mean ± 95% CI interval). 
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Figure 4.7. Comparison between measured and simulated mean DBH for the Irrigated and 
Control stands. Simulated mean DBH in Control (solid line) and Irrigated (dashed line) plots 
are compared against observed mean DBH ± 1SD for Irrigated (white dots, n = 4) and Control 
(black dots, n=4) plots, for the 2008-2017 period. 
4.3.4 Sensitivity of gas exchange to environmental drivers 
At leaf scale, increasing Ca by 75% from 400 to 700 ppm increased WUE by 
56%, with a 20% increase in An and a reduction of ‐23% in E, when climate 
values were unchanged (reference values: T(D) = 0, P = 0,  Ca = 400 ppm). 
When up‐scaled to stand scale by integrating leaf area changes (Table 4.2), the 
increase in WUE remained the same at 55%, but the increase in C uptake was 
higher (33%), and the decrease in water use was lower (‐15%). 
An increase in T(D) of 4 ºC alone led to reductions in An and GPP, and to 
increases in E, both at leaf and stand level. There was an overall decrease in 
WUE of about 23% with respect to reference values. When the effect of T(D) 
was taken into account, the fertilizing effect of increasing Ca on WUE was 
strongly reduced, but not eliminated; the increase in WUE was reduced from 
+55% to +23%.  
On the other hand, ‐P had little effect on WUE increases under rising Ca. 
Reducing precipitation a 20% led to reductions in annual GPP of a ‐10% and 
annual E of a ‐5%. Under constant 400 ppm Ca conditions, combined T(D) and ‐
P resulted in decreases both in An and WUE (‐10% and ‐25%, respectively). 
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E at the canopy level was strongly driven by T(D) increases. Although 
elevated Ca reduced E from 790 to 670 mm year
‐1 (Table 4.2), when T(D) 
increases were accounted for, stand E reached 800 mm year‐1, even considering 
projections of reduced gs under elevated Ca conditions. Furthermore, T(D) and ‐
P combined to further reduce Ca fertilizing effect of GPP and WUE, down to a 
16 and a 20 %, respectively (Table 4.2). 
 
Figure 4.8: Simulated % change in assimilation per leaf area (An L
-1, upper panels), 
transpiration per leaf area (E L-1, mid panels), and water use efficiency (WUE, lower panels), 
according to pair-wise changes in atmospheric CO2 concentration (Ca, ppm), changes in D 
driven by increases in temperature (T(D), in ºC), and decreases in precipitation (-P, in %). 
Inner percent numbers represent extreme-case change increases (decreases) in white (red). In 
each panel, black dot corresponds to reference conditions (i.e. Ca = 400, T(D) = 0 ºC and -
P = 0%). 
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Table 4.2 | Extreme-case simulation results for different ecophysiological variables under the three environmental drivers considered (Ca, T(D) and P), after 
10 years of simulation. ABS is the aboveground biomass stock (in Mg ha-1), GPP is the canopy gross primary production (in MgC ha-1 year-1), NCUt is the total 
forest net carbon uptake (NCUt = GPP - Maintenance respiration - Growth respiration, MgC ha
-1 year-1), CUE is the carbon use efficiency (GPP/NCU, in gC gC-
1), gs is the average daylight stomatal conductance during the year (in mmol m
-2 s-1), LAI is the leaf area index (in m2·m-2), E is the stand transpiration (in mm 
year-1). WUE is the canopy water use efficiency (GPP/E) (gC kgH2O
-1). All variables but ABS are reported as mean annual values for 6-10 year period. ABS is 
reported as the final ABS after the 10 simulation years. 
Ca T(D) P ABS GPP NCUt CUE gs LAI E WUE 




0 116 31.3 17.1 0.55 145.7 2.3 789 4.0 
‐20 101 28.7 15.3 0.53 133.3 2.2 753 3.8 
4 
0 100 28.6 15.2 0.53 117.9 2.2 918 3.1 




0 188 41.7 25.8 0.62 98.6 2.5 671 6.2 
‐20 172 39.0 23.8 0.61 91.2 2.4 649 6.0 
4 
0 174 39.5 24.2 0.61 81.6 2.5 806 4.9 
‐20 157 36.5 22.0 0.6 75.8 2.4 766 4.8 




Figure 4.9. Simulated % change in gross primary production (GPP, upper panels) and 
transpiration (E, lower panels), according to pair-wise changes in atmospheric CO2 
concentration (Ca, ppm), changes in D driven by increases in temperature (T(D), in ºC), and 
decreases in precipitation (-P, in %). Inner percent numbers represent extreme-case change 
increases (decreases) in white (red). In each panel, black dot corresponds to simulated values 
under reference conditions (i.e. Ca = 400, T(D) = 0 ºC and -P = 0%). 
 
4.3.5 Sensitivity of final stand aboveground biomass stock to environmental drivers. 
Simulations suggest that E. saligna sensitivity to Ca increases would be the 
main driver of stand final aboveground biomass stock (ABS, in Mg ha‐1) change 
under the considered climate conditions. An increase in Ca from 400 to 700 ppm 
under T(D) = 0 and ‐P = 0 led to a 62% increase in ABS, compared to 
simulation under reference climate values. This increase was not fully offset by 
any of the changes in climate conditions that we considered. A reduction in P of 
20% reduced the Ca fertilization effect on ABS from +62% to +50% ‐ still a large 
increase (Figure 4.10a). Similarly, an increase in D equivalent to + 4ºC T(D) 
reduced the Ca fertilization to a 48% increase, with respect to reference values 
(Figure 4.10b). Without an increase in Ca, + 4ºC T(D) was predicted to result in 
a 14% reduction in ABS, whereas ‐20% P led to a 13% reduction in ABS. A 
combined climate effect of + 4ºC T(D) and ‐20% P resulted in a reduction of 
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ABS by 27% of the reference values (Figure 4.10c). When all three 
environmental drivers were considered together, ABS increased by 35% of the 
reference value (Table 4.2). 
 
 
Figure 4.10. Simulated Aboveground Biomass Stock (ABS, in Mg ha-1) after 10 simulation 
years, and under different environmental driver combinations. a) ABS after 10 years with no 
reductions in precipitation (-0 P, in %), increasing atmospheric CO2 concentration (Ca, in 
ppm), and increasing D due to temperature increases (T(D), in ºC); b) ABS after 10 years at 
T(D) = 0, increasing Ca and increasing -P; c) ABS after 10 years at Ca = 400, increasing 
T(D) and increasing -P. In each panel, highlighted values correspond to simulated ABS 
under reference conditions (i.e. Ca = 400, T(D) = 0 ºC and -P = 0%). 
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4.4 Discussion 
From "in situ" observations, we calibrated and validated FvCB + b models for a E. 
saligna plantation in NSW (Australia), by a two‐steps Bayesian model inversion. 
We then included calibrated parameters in GOTILWA+ model, and we validated 
model leaf gas exchange fluxes, water source partition and stand structure 
outputs against field measurements, thus responding to recent calls highlighting 
the need for exhaustive calibration‐validation procedures to constrain process‐
based model's outputs to observations when anticipating environmental drivers' 
impact on forest ecophysiology (e.g. Medlyn et al., 2015; Dietze et al., 2018). 
Therefore, this exhaustive five‐step model validation allowed us to project E. 
saligna stand productivity and water use sensitivity to changes in three key 
environmental drivers i.e. rising Ca, reduced precipitation and increased D (e.g. 
Ainsworth and Rogers, 2007; Seneviratne et al., 2010; Swann et al., 2016; Berg 
and Sheffield, 2018). Our findings suggest that stand ABS, GPP and WUE will be 
enhanced by eCa. However, this fertilizing effect will partially be offset by 
increased D and reduced soil water availability, despite the latter being less 
limiting due to the ability of E. saligna to obtain water from deep soil layers, as 
occurred in HFE experiment. 
4.4.1 Calibrated parameters and model output validation 
4.4.1.1 FvCB model calibration and validation 
In contrast to other Bayesian inversion approaches of the FvCB model, such 
as in Feng and Dietze (2013), where they specifically addressed leaf‐to‐leaf 
variations in model parameters due to different LMA, [chlorophyll] and [N] in 
leaf, we were interested in obtaining an estimate of Vcmax25ref and Jmax25ref 
summarizing photosynthetic behavior at the stand level. Thought their approach 
is appealing as it strongly reduces model uncertainty (Feng and Dietze, 2013), it 
is done at the expense of an elevated number of parameters. Therefore, 
although our approach lacks their accuracy in reproducing single‐leaf An 
estimates, it is more suitable to characterize E. saligna stand photosynthesis, with 
only two parameters to be included in GOTILWA+ simulation. 
Bayesian inversion of FvCB model with An/Ci measurements obtained under 
well‐watered conditions resulted in bell‐shaped Vcmax25ref and Jmax25ref posterior 
distributions with low standard deviation, both under aCa and eCa conditions 
(Table 4.1). Calibrated model simulations properly reproduced observed An under 
well‐watered conditions and the considered range of Ca (i.e. 350 ≤ Ca ≤ 700) 
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(Figure 4.3). The Vcmax25ref parameter estimate under aCa is very close to the 96 ± 
9 mol m‐2 s‐1 reported by Héroult et al., (2013) for an E. saligna population 
growing in a nearby common garden plantation. However, median Vcmax25ref and 
Jmax25ref parameter estimates were slightly higher than those ones reported by 
Duursma et al., (2014) for the same E. saligna plantation (i.e. Vcmax25ref = 89.5 
mol m‐2 s‐1; Jmax25ref = 145.4 mol m
‐2 s‐1). However, due to high correlation in 
the posterior distribution between Rd25ref and Vcmax25ref found in preliminary 
analyses, here we assumed a constant Rd25ref = 0.015·Vcmax25ref rate, according to 
Collatz et al., (1991). This resulted in higher Rd25ref estimates (1.34 mol m
‐2 s‐1), 
than the ones considered by Duursma et al., (2014) [0.92 mol m‐2 s‐1]. 
Nonetheless, both values fall within "in situ" Rd20ref measured ranges (Crous et al., 
2011), once standardized to Rd25ref values by reported Q10 rate. Therefore, in our 
study the effects of slightly higher Vcmax25ref and Jmax25ref parameter estimates on 
An were counterbalanced by increased Rd25ref. Moreover, they were in high 
accordance with measured An (Figure 4.3 and 4.5a), and they properly 
reproduced NCU per leaf area observations, both under aCa and eCa conditions 
(Figure 4.6a,d). 
Bayesian inversion of FvCB model at eCa conditions suggested 
photosynthesis down‐regulation in E. saligna saplings, with Vcmax25ref and Jmax25ref 
parameter estimates being ~12% and ~6% lower than those obtained under aCa, 
respectively (Table 4.1). These reductions are similar to those reported by 
Medlyn et al., (1999) for 15 European CO2 enrichment experiments on tree 
species. They found an average 10% (2‐15% CI) reduction in Vcmax25ref at eCa of 
700 ppm and a reduction of 12% (2‐20% CI) in Jmax25ref. Similarly, in a meta‐
analysis of FACE experiments data, Long et al., (2004) found Vcmax reductions of 
~9% in eCa treatments and under unstressed conditions ‐i.e. stands where N was 
not limiting. Several studies have also shown that changes in leaf morphological 
and biochemical traits at eCa, such as increases in leaf mass area (LMA) and 
reductions in leaf [N] and [P], may result in down‐regulation of photosynthesis 
(e.g. Field and Mooney, 1986; Medlyn et al., 1999; Ainsworth and Rogers, 2007). 
Accordingly, LMA increases (e.g. Ghannoum et al., 2010b; Lewis et al., 2013) and 
leaf [N] decreases (Ghannoum et al., 2010b) were observed for E. saligna saplings 
growing at eCa conditions in a glasshouse carbon enrichment experiment, 
although in the latter An was found to be higher at eCa conditions than at aCa 
conditions at ambient temperature. Here, mean leaf [N] in aCa treatment was 
1.41 %, with no significant reductions in eCa treatment (Ellsworth, Unpublished 
Data; n = 74, t‐value = 0.305, p = 0.76). Reduced leaf [P] and [Mg] has also been 
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described to limit Vcmax and Jmax (e.g. Wright et al., 2004; Domingues et al., 2010; 
Wang et al., 2018). Although no direct measurements of P availability were 
taken in this study, a nearby eucalypt EucFACE experiment presented [P] 
limitation to eCa fertilizing effect (Ellsworth et al., 2017). However, the addition 
of 50 g of (NH4)2PO4 each 3rd day during sapling establishment (Barton et al., 
2010) may have offset major P limitations on trees growing in WTC. Also, 
reduced Rubisco carboxylation activity in plants growing at eCa has already been 
observed (Long et al., 2004). It has been associated to acclimation of the Rubisco 
gene expression due to suppression mediated by an increase of leaf 
concentration of some secondary products of sucrose cycling, such as 
hexokinase, under eCa conditions, which would lead to reduced Rubisco 
concentrations and therefore reduced photosynthesis (Moore et al., 1999).  
On the other hand, in agreement with previous observations in other C3 
plants (Poorter et al., 2009), specific leaf area (SLA, in cm2 g‐1), that is, the 
inverse of LMA, was significantly higher in aCa treatment (93.9 cm
2 g‐1 in aCa VS 
84.7 cm2 g‐1 in eCa; n = 74, t‐value = ‐2.35, p < 0.05), which might explain 
observed photosynthesis apparent down‐regulation under eCa, providing that 
decreasing (increasing) SLA (LMA) has been found to be correlated with 
reductions in apparent Rubisco activity and RuBP regeneration velocity (Sperlich 
et al., 2015), due to reductions in mesophyll conductance (e.g. Flexas et al., 
2008; Enrique et al., 2016), which in our modeling setup might have resulted in 
lower estimates for Vcmax25ref and Jmax25ref. On the other hand, observed 
photosynthesis down‐regulation was smaller than the mean 19 ± 3% decreases 
in Vcmax25ref reported by Ellsworth et al., (2004) for 16 species growing in FACE 
experiments after 2‐3 years growing at eCa. Photosynthesis down‐regulation 
may increase with time to eCa exposure (e.g. Reich and Hobbie, 2013; Smith and 
Dukes, 2013, but see Medlyn et al., 2016). Therefore, our An/Ci measurements, 
which were performed only one year after E. saligna saplings exposure to eCa, 
might have slightly underestimated long‐term down‐regulation dynamics [but 
see also Ainsworth and Rogers (2007)]. 
4.4.1.2 b-model calibration and validation 
Decreases in soil water availability were found to be limiting for E. saligna An 
(Figure 4.4a). However, as soil dried, An was less reduced than expected for this 
drought‐sensitive tree species (e.g. Héroult et al., 2013). In contrast with our 
results, Lewis et al., (2013) reported 80% reductions in An on E. saligna seedlings 
growing in 10 l pots, after only 10 days under imposed experimental drought. 
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Here, after 5 months of soil dry‐down, the reduction in E. saligna An was about 
40% (Figure 4.4a). The low sensitivity to soil moisture changes is explained by 
the ability of this tree species to take up water from deeper soil layers (see 
section below). b‐model inversion resulted in median q values of 0.44 (Table 4.1), 
very close to the ones reported by Drake et al., (2017) when fitting the b‐model 
to observations of non‐stomatal limitations on photosynthesis for two 
comparable eucalypt species. Similarly, Smin and Smax posterior distributions 
tended to the margins of their prior parameter distributions (Table 4.1), thus 
indicating that, although slightly, S50 decreases were limiting An all along the S50 
gradient. The low sensitivity of b‐model to S50 reductions seems unrealistic 
though, as it would imply that either E. saligna is able to maintain high 
photosynthetic rates even when soil is almost completely dry, or either that 
there is a water source which is not being accounted for in the simple 3‐
parameters b‐model. We suggest that the second option is true, and therefore 
the forth a parameter, i.e. water availability from the soil layers below 50 cm 
(Ssaturated), was needed to reproduce changes in E. saligna water source depth as 
S50 decreased (Figures 4.4 and 4.5b). 
4.4.1.3 Accounting for water available in the entire soil profile 
The inclusion of a coefficient strongly improved b‐model accuracy when 
reproducing An observations under drought (Figure 4.4b). Besides, its relatively 
low values project an elevated water uptake from the first 50 cm of the soil 
under non‐limiting water availability, and a progressive gain in importance of the 
deep soil layer uptake as S50 decreases. This implies that most of E. saligna fine 
roots are located within shallow soil, which is accordance with the shallowest 
soil possible principle (Schenk, 2008). An assumption for a coefficient inclusion 
in the b‐model is that water uptake for E. saligna is not limited to the first 50 cm 
of the soil, and therefore E. saligna root system is able to mobilize water from the 
water saturated deep soil layers. The ability of E. saligna to obtain water from 
deep soil layers has been already reported by White et al., (2000), where this 
tree species responded less than three other co‐occurring eucalypt tree species 
to 1997‐1999 drought in Katanning (Western Australia) due to deep soil water 
uptake. Also, similarly to comparable fast‐growing eucalypt tree species (e.g. 
Calder et al., 1997; Zeppel et al., 2008; Laclau et al., 2013), HFE experiment's E. 
saligna stand shifted its water source from superficial to deep soil layers under 
sustained drought stress (Duursma et al., 2011). After a inclusion, the prediction 
power of the resulting 4‐parameters b‐model was highly improved (Figure 4.5a). 
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Moreover, similarly than b‐model fitted to comparable eucalypt tree species 
(Drake et al., 2017), the 4‐parameter b‐model was able to explain the 67% of An 
variability under drought stress. Furthermore, the inclusion of the 4th parameter 
in the b‐model was able to capture the shift in water source from superficial to 
deep soil layers occurring during the HFE dry‐down experiment (Duursma et al., 
2011, Figure 4.5b), from only An/Ci measurements. 
There are two drawbacks, however, in the inclusion of a coefficient in the b‐
model: the first and minor one is that it includes another parameter to the 
model, thus increasing parameter uncertainty due to the bias‐variance tradeoff 
(Hastie et al. 2009). The second and major one is that a in an empirical 
parameter that strongly depends on stand rooting depth, and structure, 
composition and water holding capacity of deep soil layers. Therefore,a is very 
site‐specific. This site‐specificity adds to the specificity of b‐model to a given soil 
and root characteristics (e.g. Drake et al., 2017). Hence, although the high 
predictive power reached in the present work, its elevated site‐specificity 
hinders the extrapolation of calibrated b‐model parameters to other E. saligna 
stands. 
The inclusion of a coefficient in the widely extended 3‐parameters b‐model 
goes in the line of recent calls about improving dynamic vegetation model's 
processes to properly account for the whole soil water column available for 
trees when modeling drought impacts on carbon balances and tree die‐off, both 
at stand and at regional levels (e.g. Seneviratne et al., 2010; Medlyn et al., 2011; 
Medlyn et al., 2016; Berg et al., 2017; Humphrey et al., 2018; Goulden and 
Bales, 2019). Furthermore, our results support the hypothesis that model 
projections relying on superficial SWC observations, such as microwave remote 
sensing (e.g. Wagner et al., 2007), will likely overestimate drought impact on 
carbon balances (e.g. Humphrey et al., 2018). On the other hand, gravimetric 
observations that account for the whole water column (e.g. Entekhabi et al., 
2010), are more representative of water available for trees. However, providing 
their coarse resolution, spatial variations in rooting depth, and therefore the 
effective soil volume explored by trees (Seneviratne et al., 2010), will still be a 
source of uncertainty for the 4‐parameters b‐models parameterization. 
Therefore, its implementation at the regional level is still challenging. 
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4.4.1.4 Reproducing gas exchange and stand growth 
Stand‐scale GOTILWA+ carbon and water flux simulations properly captured 
E. saligna NCU, E and NCU/E responses to D increases, although it presented a 
better agreement with WTC measurements at aCa conditions. NCU simulations 
were in good agreement with measurements at aCa (Figure 4.6a). Also, simulated 
CUE was in good agreement with reported 0.50‐0.53 CUE in E. saligna (Giardina 
et al., 2003, Table 4.2). 
On the other hand, stand‐scale simulations overestimated NCU at D< 1 kPa 
and eCa, when compared with WTC observations (Figure 4.6e). There is a 
number of possible explanations for this fact: daily mean D is positively 
correlated to daily minimum Tair. Providing that photosynthesis activation and 
inactivation energy constants used in our simulations were obtained from an 
experiment performed under aCa conditions (Lin et al., 2013) where An peaked at 
Tair in between 30‐31 ºC, it is likely that not accounting for eCa‐induced changes 
in Topt for photosynthesis had resulted in an overestimation of An at low D ‐and 
therefore, low Tair‐ conditions. Consistently with previous observations (e.g. 
Eamus et al., 1995; Ghannoum et al., 2010b), increases in photosynthesis Topt of 
about 2ºC have been reported for E. saligna under eCa conditions (Duursma et 
al., 2014). Another source of uncertainty in GOTILWA+'s daily NCU projections 
might be non‐accounted autotrophic respiration acclimation responses to eCa, 
both at leaf (e.g. Tissue et al., 2002; Crous et al., 2011) and shoot level (Lamba et 
al., 2018). Uncertainties in autotrophic respiration quantification might also have 
had a strong impact on respiration/photosynthesis balances at low D conditions, 
when low Tair and low incident radiation would had limited photosynthesis 
further than respiration in WTCs. Consistently, the observed monotonic increase 
in eGPP/aGPP (Supplementary material Figure SM4.4) along a D gradient 
matched previous observations of a linear increase in eGPP/aGPP as D increases 
along a wide gradient (e.g. Barton et al., 2012). Hence, changes in autotrophic 
respiration scaling at low D, and therefore low Tair, together with acclimation of 
photosynthesis' Topt to eCa, what was not accounted in GOTILWA+ simulations, 
would have resulted in photosynthesis overestimation at low Tair, with respect to 
WTC measurements. It might explain observed NCU differences between 
simulations at stand level and single‐tree WTC observations at eCa and D < 1 
kPa. 
Simulated stand E per unit of leaf area values were always within WTC 
measured range. In addition, similarly than previous observations on eucalypt 
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tree species (e.g. Whitley et al., 2008; Duursma et al., 2014; Gimeno et al., 
2018), E per unit of leaf area peaked when D was between 2‐3 kPa. However, 
mean E was slightly underestimated with respect mean WTC measurements at 
low D conditions for both eCa and aCa, and slightly overestimated at high D 
conditions. Comparing single‐tree to forest stand fluxes may be challenging, as 
some of the canopy‐level processes and characteristics‐ e.g. canopy patchiness, 
changes in leaf angle at different canopy levels, changes in leaf shape and/or 
size, within‐canopy differences in micrometeorological conditions‐ are scale‐
dependent, and they might have been different between WTC single‐tree 
observations and GOTILWA+ simulations, which are based in a simple two‐
layers canopy approach ‐ i.e. sun and shade leaves‐, that assumes constant LMA 
and uniform leaf distribution within each canopy layer. All those factors may 
have led to small differences in the coupling to the atmosphere of the simulated 
canopy and the single‐tree WTC measurements, according to Jarvis and 
McNaughton (1986). Assuming imposed transpiration (Ei) as Ei = gs,canopy x D, 
even at very low decoupling coefficient (), equilibrium transpiration (Eq) is 
expected to increase in importance at low D, or low canopy conductance 
conditions ‐i.e. very high D conditions‐. Under such circumstances, even small 
differences in  between simulated whole‐canopy and single‐tree observations 
due to within‐canopy leaf size variability, differences in wind speed (e.g. 
Montaldo and Oren, 2016) air temperature and D (e.g. Magnani et al., 1998; 
Wullschleger et al., 2000), or incident radiation (Nicolás et al., 2008) at different 
canopy heights, would have led to comparatively larger differences in E due to 
increases in Eeq. Additionally, mean daylight  simulated values were 0.14 ± 0.1 
at aCa and 0.1 ± 0.07 at eCa, which is consistent with hypothesized decreases in 
 according to reductions in gs (Jarvis and McNaughton, 1986). 
On the other hand, optimal stomatal behavior model assumption (Equation 
4.1) might also have led to divergences between observed/simulated 
transpiration through differences in g0, which drives gs at very high D conditions. 
Furthermore, g0 has been observed to increase exponentially according to 
temperature increases ‐ and, providing the positive correlation between D and 
Tair, it is expected to be higher at higher observed D‐ (Riederer and Müller, 
2006). However, it is unlikely that the small g0 parameter considered here 
(0.0001 mols m‐2 s‐1) (Supplementary material Table SM4.1) would had led to 
such differences in our approach. Another source of divergence may have been 
considering that stomatal response to D was optimal (Medlin et al., 2011). 
Previous work by Duursma et al., (2013) with cotton plant reported non‐optimal 
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responsiveness of E to D increases ‐i.e. using Equation 4.1, they found that D0.61 
was more representative of E responses to D increases than D0.5‐. Accordingly, 
E. saligna stand simulations considering D0.61 led to a better agreement with 
observations (Supplementary material Figure SM4.5), with a consistent decrease 
in transpiration at D > 3 kPa of 13%. This may be indicative about an over‐
reactive stomatal response to D increases in E. saligna plants growing at eCa. 
Water use efficiency in net carbon uptake (NCU/E, in gC kg H2 O
‐1) decreased 
at increasing D, similarly than previous observations based on ITE and iWUE (e.g. 
Eamus, 1991; Barton et al., 2012; Zhang et al., 2019). According to FvCB's 
model, at saturating light and for a given leaf temperature, An is dependent on Ci, 
which in turn is dependent on gs. OSB model (Equation 4.1) indicates that, all 
being equal, gs is reduced as D increases, thus reducing Ci and, therefore An, at 
increasing D. Thus, assuming a well‐coupled canopy (i.e. E  gs,canopy ·D), An/E 
should decrease as D increases. Furthermore, D is driven by Tair. Highest D 
values are found at highest Tair conditions. If gs is reduced in order to avoid water 
loss and reduce xylematic tensions (e.g. Sperry and Love, 2015; Choat et al., 
2018), then Tleaf will increase, potentially leading to Tleaf higher than 
photosynthetic optimal, and therefore further reducing An (e.g. Gates, 1962, 
1968; Jones, 2013; Wright et al., 2017;  Zandalinas et al., 2018). On the other 
hand, increasing Tair and Tleaf also increases wood and leaf autotrophic 
respiration (e.g. Ryan, 1991; Ghannoum et al., 2010a; Huntingford et al., 2017). 
This will further reduce NCU/E, to the point that at high D conditions even 
negative NCU/E values are observed (Figure 4.6b,e). GOTILWA+ simulations 
properly accounted for decreases in NCU/E as D increased, both at aCa and eCa 
treatments, although the above mentioned overestimations in NCU at D < 1 
under eCa led to overestimations in NCU/E at low D conditions. 
Stand simulations with and without irrigation properly reproduced observed 
DBH differences between the two treatments (Figure 4.7). As a water 
demanding tree species growing in almost a semi‐arid environment (annual 
P/PET  0.53), E. saligna responses to irrigation are consistent with expectations 
of enhanced growth in the irrigated treatment ‐and they are also indicative of 
constraints in E. saligna growth due to reduced water availability in the control 
treatment. Irrigation reduces water availability constrains on growth, and 
therefore, in absence of further nutrient limitation, allows fast‐growing eucalypts 
to increase faster its size and its biomass stock (e.g. Hunter, 2001; Stape et al., 
2010). In the HFE experiment, differences in stem growth between the two 
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treatments should be considered as a proxy of drought‐induced limitations over 
eucalypt potential growth under control conditions, even accounting for the 
above mentioned ability of E. saligna to reach water from deep soil saturated 
layers, and its limited responsiveness to reductions in S50. The fact that 
GOTILWA+ projections reproduce differences between treatments validates its 
ability to capture low water availability limitations on E. saligna growth. 
4.4.2 Changes in canopy gas exchange 
4.4.2.1 Gross primary production 
Observed E. saligna An responses to eCa are still controversial, with An,sat 
increases due to eCa ranging from a slight 3% increase in an eCa x droght 
experiment (Lewis et al., 2013), to a 30% (Ghannoum et al, 2010a), or a 50% 
An,sat increase under eCa and light‐saturated conditions in a glasshouse 
experiment nearby (Ghannoum et al., 2010b). Our simulations suggest a 15‐20% 
increase in GPP per unit of leaf area (Figure 4.8). This amount increases up to a 
16‐33% whole‐canopy GPP increase at eCa, depending on D increases and 
reductions in soil water availability (Figure 4.9, Table 4.2). Those magnitudes are 
in good agreement with Barton et al., (2012), who observed an increase in 
whole‐canopy GPP between 10‐45% in E. saligna saplings growing at eCa. 
Furthermore, our projections fall within projected range of 20‐50% stand GPP 
increase at doubling CO2 (Wenzel et al., 2016). Our results suggest that most of 
this eCa fertilizing effect would be due to a increase in Ci, rather to changes in 
LA, which was projected to increase only about a 9% in the most beneficial 
scenario [Ca = 700, T(D) = 0 ºC and ‐P = 0%;  Table 4.2]. In addition, in those 
environments where water availability is currently limiting tree growth (Figure 
4.7), water savings due to reductions in gs at eCa (see discussion below) may 
ameliorate photosynthesis limitations due to reduced soil water availability (e.g. 
Atwell et al., 2007; Swann et al., 2016; Lemordant et al., 2018; see 
Supplementary material Figure SM4.6). It may not increase An,max, but instead it 
may allow E. saligna trees to maintain higher its photosynthetic rates during a 
longer period of time than under aCa conditions. Therefore, even accounting for 
observed photosynthesis down‐regulation, our projections suggest that eCa will 
increase E. saligna GPP under all scenarios considered. This is in agreement with 
reports from FACE experiments worldwide, with mean ± SD An stimulation of 26 
± 5% under eCa (Nowak et al., 2004; Ainsworth and Rogers, 2007; Norby and 
Zak, 2011).  
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Reductions in precipitation and increases in D combined to reduce stand GPP 
stimulation by eCa to a 16% (Table 4.2). Under aCa conditions, when considered 
separately both reduced water availability and increased D implied a 5% and a 
10% reductions in GPP at leaf and stand level, respectively (Figures 4.8 and 4.9). 
Although drought limitations on photosynthesis are well know, both at tree, 
stand and regional level (e.g. Nemani et al., 2003; Ciais et al., 2005; Grassi and 
Magnani, 2005; Keenan et al., 2010; Drake et al., 2017; Humphrey et al., 2018; 
Peters et al., 2018), less attention has been paid to photosynthesis limitations 
due to D increases (e.g Barton et al., 2012; Novick et al., 2016; Sanginés de 
Cárcer 2018). By reducing gs, and therefore Ci, D increases may be potentially 
more limiting for stand productivity in forests growing under low drought stress 
than soil water availability (Novik et al., 2016). Similarly, we expect higher GPP 
limitations due to reduced gs at aCa conditions, providing the saturation of An 
response to Ci increases at elevated Ci (Farquhar et al., 1982), which, all being 
the same, should imply weaker limitations of decreasing gs for trees growing in 
eCa conditions (McMurtrie et al., 2008). In well coupled canopies, D increases 
may also feedback soil water content depletion, due to increased Ec for a given 
gs (Jarvis and McNaughton, 1986). Here, we find a decrease of ~10% stand GPP 
when accounting for D increases due to 4ºC temperature rises (a 48% increase 
in D), which is consistent with observed GPP decreases at increasing D [e.g. 
Novick et al., 2016; Restaino et al., 2016; Ficklin and Novick, 2017; Zhang et al., 
2019 (their Figure 1e,f)]. Our results emphasize the major role that increases in 
D due to rising temperatures will play in forest carbon dynamics next decades, 
and the importance of properly accounting for land D increases, together with 
expected changes in water availability, when projecting climate change impacts 
on forest productivity. 
4.4.2.2 Transpiration 
As expected from previous observations (Medlyn et al., 2001; Ainsworth and 
Rogers, 2007; Norby and Zak, 2011; Barton et al., 2012; De Kawe et al., 2013; 
Medlyn et al., 2015), eCa lead to reductions in gs, which only translated into 
reductions in transpiration at stand level if D and P remain unaltered (Table 4.2, 
Figure 4.9). Maximum projected transpiration reductions at eCa conditions (700 
ppm) where about a 15%. It is nearly one half of predicted reductions in gs ‐i.e. 
32% reductions‐. Consistently, a reduction of a 20% in gs in the nearby EucFACE 
forest growing at 550 ppm was reported by Gimeno et al., (2016). Even more, 
when they analyzed transpiration partitioning, Gimeno et al., (2018) did not find 
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significant reductions in transpiration under eCa conditions. Furthermore, 
projections considering only eCa agree with previous reports of modeled 26‐
35% transpiration reductions at 900 Ca for several temperate and tropical 
forests (Kirschbaum and McMillan, 2018). However, in E. saligna stand, PET is 
about ~1500 mm year‐1, and P/PET values are close to 0.53, which is in the 
border line of sub‐humid forests to be considered semi‐arid (Schenk and 
Jackson, 2002). Under such circumstances, projections suggest little to no 
changes in transpiration when D increases are also accounted, as all water 
savings due to a reduced gs are likely to be mobilized by the canopy, in order to 
maintain its photosynthetic rates, reduce Tleaf, and to alleviate increasing internal 
hydraulic tensions due to the elevated evaporative demand. Accordingly, 
projected positive differences due to eCa in soil water content ‐and therefore 
water savings‐ where minimal during NDJF months, when evapotranspiration is 
at its maximum (Supplementary material Figure SM4.6).  
Globally, combined projections of CMIP5 models suggested reductions in 
E/PET in sub‐humid regions, mostly driven by PET increases, whilst E reductions 
were almost negligible when changes in canopy conductance were accounted 
(Swann et al., 2016). Our simulations suggest a decline in E/PET, with 0.49 
E/PET values under Baseline climate conditions being reduced to 0.4 at the 
extreme [Ca = 700 T(D) = 4ºC] scenario, mainly driven by PET increases, whith 
a 2% increase in transpiration (Table 4.2). Similarly, previous reports (Zhao and 
Dai, 2015) suggest only a slight 7% increase in E for projections accounting 
together for Ca and D increases. 
Here it is noteworthy that in most cases projected E is equal or higher than P. 
It highlights the abovementioned importance of an available water saturated 
layer for E. saligna growth, and it directly links E. saligna stand survival to the 
permanence of this water‐saturated deep soil layer, as this tree species has been 
described to be highly sensitive to reductions in soil in pot experiments, where it 
can be controlled the soil volume explored by its root system (Lewis et al., 2013). 
In accordance with previous reports for surrounding eucalypt woodlands (e.g. 
Gimeno et al., 2016; Kelly et al., 2016; Gimeno et al., 2018), our projections 
suggest no water savings due to eCa when combined with increases in D, as 
eucalypts growth tends to be limited by water availability (e.g. Figure 4.7), and 
therefore any SWC increase due to reduced gs will be likely offset by increasing 
tree water uptake due to rising atmospheric evaporative demand. Thus, despite 
projected E/PET reductions, it is unlikely that gs reductions due to eCa will 
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reduce annual water use in eucalypt plantations in NSW Australia, although it 
may enhance eucalypt productivity to a certain degree, by increasing the number 
of days of the year in which SWC is not limiting. 
4.4.2.3 Water use efficiency 
Projected WUE increases of a 55% under eCa due to reduced transpiration 
and increased photosynthesis (Figure 4.8, Table 4.2) are consistent with previous 
observations of increased both iWUE (e.g. Battipaglia et al., 2013; Keenan et al., 
2013; Mastrotheodoros et al, 2017) and instantaneous transpiration efficiency 
(ITE, Barton et al., 2012) at trees growing under eCa conditions. Furthermore, 
projected increases in light use efficiency (LUE) at eCa  = 20% are well within 
observation range from the two longest running FACE experiments [9‐33% and 
8‐36% increases in LUE at Oak Ridge and Duke, respectively, (De Kawe et al., 
2016)]. However, Barton et al., (2012) found that changes in ITE are proportional 
to increases in Ca, which should have led to an increase in 75% WUE at Ca = 700 
ppm. Our projections suggested only a 55% increase in WUE. There is a number 
of explanations about the divergence of our whole stand projections to the WTC 
single‐tree observations. They have been discussed above (see section 4.4.1.4).  
It is well known that in well coupled canopies D increases imply both an 
increase in imposed E and a reduction in An due to reduced gs, and that this leads 
to reduced WUE. This limiting effect of D on WUE was properly captured by 
GOTILWA+ simulations (Figure 4.6c,f). So, even considering that rising D has 
been found in some cases to increase iWUE (e.g. Ficklin and Novick, 2017; 
Zhang et al., 2019), WUE is strongly driven by abiotic factors, such as the 
abovementioned increased imposed E at increasing D, gs being equal, and 
therefore is more prone to stress the An/E relationship. Accordingly, we found 
limitations due to a 48% D increase to reduce eCa fertilizing effect on WUE 
down to less than a half of the projected WUE increase at eCa and T(D) = 0ºC 
conditions. We attribute the slight 5% reduction in WUE at P = ‐20% (Table 
4.2) to the fact that a 9% reduction in gs lead to smaller reductions in E (~5%) 
than in GPP (~10%) at stand level (Figure 4.9, Table 4.2). As gs reductions 
decrease Ci linearly, such that for a given An [(Ca ‐ Ci) = (An /gs)] (Farquhar et al., 
1980; 1982), and imposed E, which may be regulated by gs (Jarvis and 
McNaughton, 1986), is projected to account for only 86 ± 10% of stand total E, 
we expect further reductions in An for the same drought‐induced limitation in gs, 
and therefore a reduced WUE. 
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Furthermore, at very high D conditions (D >3.5 kPa) we found a further 
reduction in WUE, as it has been already suggested by Zhang et al., (2019). 
Under such circumstances, it is likely that strongly reduced gs would hinder 
homeostasis of Tleaf within the photosynthetic optima (Yamori et al., 2014). The 
fact that very high D conditions tend to occur when Tair is also elevated supports 
this affirmation. Under such circumstances, stronger An reductions, due to over‐
optimal Tleaf and reduced Ci, together with lesser E reductions due to gs response 
to increasing D, should be expected, thus further reducing WUE. This 
mechanism, however, would be strongly dependent on g1 parameter 
homeostasis at reducing leaf, as well as on the slope of An limitation due over‐
optimal Tleaf (see Zandalinas et al., 2'018). 
4.4.3 Changes in biomass stock and water use 
There is a general agreement about an increase in stand biomass of forests 
growing at eCa conditions, although the strength of such fertilizing effect is still a 
matter of controversy (e.g. Walker et al., 2019), with contrasting observations 
depending on site, tree species and nutrient availability, both at FACE and at 
single‐tree experiments (e.g. Ainsworth and Long, 2004; Norby et al., 2005; 
McCarty et al., 2010; Norby and Zak, 2011; Medlyn et al., 2016; Terrer et al., 
2019). Observations from four contrasting FACE experiments suggested mean 
29.1 ± 11.7% increases in biomass at eCa ranging between 550‐700 ppm 
(Walker et al., 2019), with aboveground biomass increases proportional to NPP 
across sites, and a consistent lineal increase in wood carbon allocation ‐i.e. long‐
term carbon sink. On the other hand, data from near 140 eCa experiments 
suggested global abovegrouund biomass increases of 12 ± 5% due to eCa by the 
end of 21th century (Terrer et al., 2019), being nitrogen the main limiting factor 
for further biomass stock increase. In addition, for fast‐growth water‐demanding 
eucalypts growing at eCa, there is an extended body of evidence of increases in 
biomass at eCa. In a greenhouse experiment with Eucalyptus radiata saplings 
growing at 640 ppm, Duan et al., (2014) reported increases between 15‐65% in 
dry weight after 200 days, depending on growth Tair (eTair < aTair). In another 
glasshouse experiment, Ghannoum et al., (2010b) found 33‐44% increases in dry 
weight in Eucalyptus saligna saplings growing at 650 ppm. The strength of the 
fertilization was also depenent on growth Tair (eTair > aTair). Similarly, Quentin et 
al., (2015) reported a 66% increase in biomass in Eucalyptus globulus trees after 
15 months growing in WTC at HFE, with no significant differences between 
trees growing at aTair than trees growing at eTair. But see Ellsworth et al., (2017), 
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in which they did not find any increase in biomass for E. tereticornis at the nearby 
EucFACE site, which is strongly P‐limited. 
When compared with previously reported observations, our projected 62% 
biomass increases for E. saligna after 10 years growing at Ca = 700 and no 
further climate forcing (Figure 4.10, Table 4.2) fall at the upper end of observed 
biomass increase range in fast‐growing eucalypt tree species. Therefore, our 
best‐case scenario seems to partially overestimate eCa fertilization on stand 
aboveground biomass increase. Even more, the E. saligna saplings growing in 
WTC at eCa presented lower dry weight after final harvest than the saplings 
growing at aCa (Campany, 2016), which would be in contradiction with our 
projections. However, a detailed analysis revealed a consistent divergence in the 
initial size of eucalypt trees growing at eCa (DBH = 1.4 ± 0.1 cm) and aCa (DBH = 
2.6 ± 0.2 cm). In two simulations accounting from such differences in initial DBH, 
higher biomass at the stand growing under eCa conditions appeared only after 
2.1 simulation years (Data not shown). Considering that the harvest occurred at 
1.8 years after experiment start, it is likely that reported differences in final dry 
weight were biased because of those size‐related differences, and that the 
differences in root distribution (Duursma et al., 2011) and leaf biomass 
(Campany, 2016) at the beginning of the experiment due to different tree size 
could have led to such differences in final dry weight. Furthermore saplings 
under eCa grew at slightly higher D conditions that plants growing at aCa (mean 
difference = 0.36 kPa), which would have reduced their net carbon uptake and 
water use efficiency (Barton et al., 2012; Figure 4.6). Moreover, at HFE and 
under similar experimental setup, Quentin et al., (2015) found a strong and 
significant 66% increase in biomass in E. globulus saplings.  
We acknowledge that there is a number of possible non‐accounted factors 
such as size‐related reductions in carbon use efficiency (e.g. DeLucia et al., 2007; 
Collalti et al., 2018) and changes in NPP carbon allocation (Ainsworth et al., 
2005; McCarthy et al., 2010; Walker et al., 2019) that may also reduce projected 
biomass stock increases. In addition, there might appear nutrient limitations that 
might limit tree growth and therefore biomass stock increase (e.g. Ellsworth et 
al., 2017; Walker et al., 2019). However, after 10 years, E. salinga trees growing 
in a N and P fertilized stand in the HFE presented only a 3% increase in DBH 
with respect to the unfertilized ones. Moreover, the most parsimonious model 
after a linear mixed analysis with DBH as dependent variable and Treatment as a 
factor was the null model, according to the minimum Akaike Information Criteria 
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corrected by sample size (AICc). This should be seen as indicative of no nutrient 
availability‐mediated limitations. 
On the other hand, combined effects of reduced P and increased D limited 
aboveground stock increases due to eCa by about a half [(Ca = 700; T(D) = 4ºC; 
P = ‐20%) = 35% increase in aboveground biomass stock at year 10 of the 
simulation], thus indicating that, although eCa is expected to be the main driver 
for stand biomass stock changes during next years, its fertilizing effects will be 
highly modulated by increases in atmospheric and land aridity. Interestingly, our 
results emphasize the importance of D increases, which will limit biomass stock 
increases, with effects additive to possible CUE reductions due to increased Tair 
(e.g. Ryan, 1991; Martheus et al., 2012; Prior and Bowman, 2014). This fact may 
partially account for observed variability in previous work on eCa effects on 
biomass stock increase. It highlights the need for properly measuring and 
reporting D, independently of Tair, when evaluating the effects of eCa on forest 
growth in order to make results comparable among sites. It also remarks the 
importance of the biotic factor in plant‐soil‐atmosphere global circulation model 
outputs, as vegetation is a major driver of atmospheric humidity over land (e.g. 
Berg et al., 2017; Berg and Sheffield, 2018; Lemordant et al., 2018), and changes 
in D due to regional changes in forest evapotranspiration are likely to have an 
impact on global forest carbon dynamics. Similarly, reduced water availability has 
been described to counterbalance the effects of eCa in some arid regions (e.g. 
Andersen et al., 2016; Barbeta and Peñuelas, 2017; Peters et al., 2018). Our 
results suggest only moderate water limitations in biomass stock increase at eCa 
due the above‐discussed ability to uptake water from the deep soil layers 
presented by E. saligna. However, the projections of no reductions or even 
increases in stand transpiration at eCa imply that E. saligna will require an 
elevated deep water supply to keep its fast growing paste, which can be 
detrimental for the ecosystems downstream as it has the potential to 
progressively deplete deep water reservoirs (e.g. Trancoso et al., 2017). Also, 
changes in root carbon allocation (Laclau et al., 2013) may occur accordding to 
changes in water availability. Even more, although deep water reservoirs present 
a larger inertia than upper soil water content (Seneviratne et al., 2010), their 
dynamics are still related to precipitation inputs at the long term. Therefore, 
changes in table depth driven by regional changes in precipitation may affect 
eucalypt growth further than projected in our most extreme rainfall reduction 
scenarios. 
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Finally, our results suggest that E. saligna short‐rotation plantations would be 
suitable for carbon sequestration or energy production purposes, as the biomass 
stock after a 10‐years plantation rotation is projected to increase under eCa for 
all climate conditions considered. This would make them very appealing for such 
purposes in NSW drylands (e.g. Ryan et al., 2010; Schweier et al., 2017). 
However, their elevated water use takes us back to the well known tradeoff 
between carbon sequestration and water availability (e.g. Calder et al., 2007; 
Rowe et al., 2009), which in a sub‐humid environment projected to become 
more arid during the following years will be a matter of a major importance for 
ecosystem functionality maintenance and society development. In addition, 
further considerations about nutrient consumption, as well as the increased risk 
of carbon release in mature forests under climate‐related disturbances such as 
forest fires should be also accounted to confirm the potential viability of E. 
saligna management for biomass production at a regional level. 
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4.5 Conclusions 
After a two‐steps Bayesian inverse calibration and an exhaustive five‐steps 
validation procedure, we analyzed the sensitivity of an E. saligna plantation to 
eCa, D and water availability. From An/Ci measurements, we found that this 
water‐demanding eucalypt tree species is highly dependent on deep soil water 
uptake, and that this trait will likely buffer any negative response to increased 
soil aridity. Our projections suggest that eCa will drive E. saligna responses to 
climate change, and that such responses will be an increase in stand productivity 
and growth. Little changes in transpiration were found, though, as increases in 
the already elevated evaporative demand will imply a complete mobilization of 
all possible water savings due to reduced gs. Furthermore, we identified D 
increases to partially counterbalance eCa in a similar magnitude than reductions 
in precipitation. Our results highlight the importance of accounting for both land 
and atmospheric aridity changes when projecting climate change impacts on 
forest growth. They also remark the need to account for water uptake in the 
entire soil column explored by eucalypt trees, as models relying on superficial 
observations will likely overestimate the impact of drought on deep‐rooted fast‐
growing eucalypts forests under eCa conditions. 
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4.8 Supplementary Material 
 
Supplementary material Figure SM4.1. Example of correlation between discrete SWC 
measurements for neutron probe at three different depths [i.e. 0.25m (x), 0.5m (), 0.75m 
()], and continuous SWC measurements for theta prove at 10 cm depth, at chamber Ch07. 
A GAM analysis with a maximum of 3 df was fitted for each soil depth [i.e. 0.25m (dotted 
line), 0.5m (dashed line), 0.75m (solid line)]. For each regression, the root mean square error 
(RMSE) and the R2 between observed and modeled are noted. 
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Supplementary material Figure SM4.2. Observed climate data in HEF during the 2008-
2017 period. a) Daily precipitation (mm·day-1, light grey) and Cumulated annual precipitation 
(mm·year-1, dashed line and circles). b) Daily maximum T and minimum T (ºC, grey area), and 
30-days moving average daily mean T (ºC, black line). c) Daily PET (mm·day-1, dark grey) and 
VPD (kPa, light grey), as well as the 30-days moving average (PET: black line; VPD: dark grey 
line). d) 365-days cumulated precipitation (P365, mm·year
-1, grey line) and potential 
evapotranspiration (PET365, mm·year
-1, black line). 
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Supplementary material Figure SM4.3: Observed An to Ci responses under no water 
constraints for eCa and aCa treatments (grey dots), and modeled An to Ci by using median 
Vcmax,25,ref and Jmax,25,ref posterior estimates to run the FvCB model, both for eCa and aCa 
measurements (black dots). Shadowed area represents the 99% confidence interval for a 3 df 
GAM analysis between observed (light grey area) modeled (dark grey area) An to Ci. In order 
to evaluate modeled An in relation to observed An, R2 and RMSE errors are also reported. 
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Supplementary material Figure SM4.4. Ratio between simulated GPP and TR at elevated 
Ca (700 ppm) and ambient Ca (400 ppm) along a D gradient. Red dots represent eGPP/aGPP 
values, while blue dots represent eTR/aTR values. 
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Supplementary material Figure SM4.5. Comparison between simulated and observed E 
responsiveness to D, under two different assumptions of stomatal behavior at elevated Ca 
(observations: Ca = 620 ppm, open circles, white area). GOTILWA+ simulations considering 
optimal stomatal behavior (D0.5 in Equation 1, blue dots, blue area); and  GOTILWA+ 
simulations considering sub-optimal stomatal behavior [D0.61 in Equation 1, red triangles, red 
area. According to Duursma et al., (2013)]. 
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Supplementary material Figure SM4.6. a) Mean daily difference of simulated SWC50 (in 
mm) under three different climate scenarios [Ca = 700 (blue continuous line, A); Ca = 700 + 
T (D) = 4ºC (orange dotted line, B); Ca = 400 + T (D) = 4ºC (red dashed line, C)],  with 
respect to baseline scenario (Ca = 400 + T (D) = 0ºC) throughout the year. b) Daily 
simulated SWC50 differences with respect to baseline scenario, in relation to SWC50 in the 
baseline scenario. Shadowed area corresponds to the SWC50 area in which projected 
assimilation for a given soil water content (An,S) is less than a 75% of unlimited assimilation 
(An,ref) , according to Figure 3b. In the Baseline scenario, a 25% of days SWC50 is below the 
considered threshold. The percentages for A, B and C scenarios are 16, 26 and 36% 
respectively. 
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Supplementary material Table SM4.1 | List of main parameters used to run GOTILWA+ 
simulation, together with their source references. g0 is the residual stomatal conductance 
and g1 is the stomatal operating point parameter from the optimal stomatal behavior 
model (Medlyn et al., 2011). Ko, Kc and are the oxigenation and carboxilation Michaelis-
Menten constants for the RuBisCo, respectively. * is the carbon compensation point. 
HaKo, HaKc and Ha* describe the response to temperature for Ko, Kc and *, 
respectively. EaVcmax and HdVcmax are the activation and inactivation energies for Vcmax, 
EaJmax and HdJmax are the activation and deactivation energies for Jmax, S is the entropy 
term, Wood density is the average wood density, allometric a and b are the allometric 
parameters relating diameter at breast height and aboveground biomass. Finally, MLL is 
the mean leaf life.  
Parameters Value Units Source 
g0 0.0001 mol m
‐2 s‐1 Héroult et al., (2013) 
g1 2.08 kPa^0.5 Héroult et al., (2013) 
Ko 278400 mol mol
‐1 Bernacchi et al., (2001) 
Kc 404.9 mol mol
‐1 Bernacchi et al., (2001) 
* 42.75 mol mol‐1 Bernacchi et al., (2001) 
HaKo 36380 J mol
‐1 Bernacchi et al., (2001) 
HaKc 79430 J mol
‐1 Bernacchi et al., (2001) 
Ha* 37830 J mol
‐1 Bernacchi et al., (2001) 
EaVcmax 69900 J mol
‐1 Lin et al., (2013) 
HdVcmax 200000 J mol
‐1 Lin et al., (2013) 
EaJmax 27900 J mol
‐1 Lin et al., (2013) 
HdJmax 200000 J mol
‐1 Lin et al., (2013) 
S 619 J mol‐1 K‐1 Lin et al., (2013) 
Wood density 0.422 g cm‐3 DeBell et al (2001) 
Allometric a 0.18 dimensionless Paul et al., (2013) 
Allometric b 2.12 dimensionless Paul et al., (2013) 
MLL 0.4 years Laclau et al., (2009) 
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"En nombre de los bosques, yo maldigo 
a quien toma venganza, árbol, contigo." 
 
Miguel Hernández 
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Abstract 
Mediterranean riparian zones act as vegetation shelters for several deciduous 
tree species at the southernmost edge of their bioclimatic distribution, e.g. alder 
(Alnus glutinosa), black poplar (Populus nigra) or ash (Fraxinus excelsior). Current 
global warming and human induced disturbances may worsen their growing 
conditions. Under such circumstances, black locust (Robinia pseudoacacia) is 
outcompeting autochthonous tree species. Here, we provide evidences of black 
locust having better growth and water use performance than alder and ash. We 
compare the temporal and spatial patterns of transpiration and stem basal area 
increments of alder, black poplar, common ash and black locust, all of them co-
occurring in a mixed riparian Mediterranean forest. Black locust presented the 
lowest transpiration values per basal area unit (4.0 mm·m-2·growing season-1). 
Although tree transpiration was mainly driven by energy availability instead of 
water, ash transpiration was constrained by water availability at soil water 
contents below 0.08 cm3·cm-3.  
Black locust was the only tree species growing all over the water availability 
gradient present in the study site, and it did not present any significant 
difference in sap flow values across this gradient. Furthermore, black locust and 
black poplar were the species with higher growth-based water use efficiency 
(5.4 g·cm-1·m-3 and 3.6 g·cm-1·m-3, respectively), whereas ash and alder were the 
less efficient ones (2.8 g·cm-1·m-3 and 1.9 g·cm-1·m-3, respectively). The good 
performance of black locust is relevant to understand its great successful 
invasion of Mediterranean riparian forests, particularly after human-induced 
disturbances, as forest management. 
 
Key words: Mediterranean riparian forests, black locust, invasive tree species, 
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5.1 Introduction 
Mediterranean riparian forests are natural refuges for boreal and temperate 
origin’s tree species, such as alder (Alnus glutinosa (L.) Gaertn.), black poplar 
(Populus nigra L.) and ash (Fraxinus excelsior L.) (Holstein, 1984; Sanz et al., 2011). 
Due to their ecological interest, those habitats have been provided with a special 
protection status by the Natura 2000 EU strategy (Natura 2000, 91E0). 
However, many of them are located in the driest limit of their current bioclimatic 
distribution. Climate projections in the Mediterranean region show both a 
rainfall decrease and an atmospheric evaporative demand increase, particularly 
during winter and summer seasons (Ruíz-Sinoga et al., 2011; IPCC, 2013; 
Vautard et al., 2014). Furthermore, periodical drought events, mainly during 
summer, are already affecting the Mediterranean ecosystems (Bréda et al., 2006; 
Vicente-Serrano, 2006; Lindner et al., 2010; García-Ruiz et al., 2011).  
Riparian tree species in Mediterranean areas might experience important 
changes on water availability during their lifetime (Otero et al., 2011; Singer et 
al., 2014; Sargeant and Singer, 2016). Those changes both in vadose soil water 
content and phreatic water table height may imply vegetation changes in 
riparian forests, and help invasive tree species to outcompete autochthonous 
vegetation (Lite and Stromberg, 2006). In addition, climate change conditions are 
expected to increase water stress periods in the Mediterranean area (IPCC, 
2013). Consequently, it may result in a north pole-ward shift of the optimal 
growing conditions for broadleaved winter deciduous tree species. This is 
especially applicable for riparian tree species because their biological processes 
require high water availability (Scott et al., 1999; Snyder and Williams, 2000; 
Zhou et al., 2014). Furthermore, during typical Mediterranean summers, i.e. dry 
and hot environmental conditions, transpiration of some of these tree species is 
mostly supported by their access to the riparian phreatic water table. However, 
if stream water flow decreases, the phreatic water table might descend below 
the rooting depth, uncoupling the riparian trees from such extra water.  
On the other hand, different tree species may experience drought differently, 
and consequently, present different thresholds of drought-tolerance. For 
instance, wood structural traits are important to understand tree species 
hydraulic conductivity. Ring-porous tree species, such as ash and black locust, 
are in general frost and drought avoiders, with a greater potential sap velocity 
than diffuse-porous ones. Conversely, diffuse-porous ones, such as alder and 
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black poplar, are less vulnerable to freezing and support more negative xylem 
pressures before cavitation phenomena occurs (Sperry et al., 1994). 
In addition, human-induced disturbances in riparian areas, such as wood 
extraction, facilitate the propagation of black locust, which is invading moist 
forests all over the northern Mediterranean basin area (Motta et al., 2009; Radke 
et al., 2013). This tree species was introduced in Europe during the 17th century. 
It has been cultivated in well-watered environments for wood extraction in 
moist Europe (DeGomez and Wagner, 2001; Gruenewald et al., 2007; Redei et 
al., 2011), for energy generation (Kraszkiewicz, 2013), or soil erosion prevention 
(Straker et al., 2015). In spite of all such possible uses, black locust is within the 
group of most problematic invasive tree species in the Mediterranean. Its control 
is costly and difficult, and black locust populations are currently spreading over 
the south-eastern Mediterranean basin (Andreu, 2009; Benesperi et al., 2012). 
Furthermore, according to climate change projections, black locust is projected 
to increase its invasiveness (Kleinbauer et al., 2010; Gassó et al., 2012) and it is 
detected as an important threat for the autochthonous Mediterranean riparian 
forests dominated by alder.  
In this study we monitored tree transpiration and stem basal area increments 
over the year 2012 growing season of four co-occurring tree species (alder, 
poplar, ash and black locust), in a Mediterranean riparian forest. The aim of this 
study is to evaluate growth and water use performance of these species, to 
better understand how black locust succeeds in outcompeting the 
autochthonous tree species. The growing conditions in the riparian forest 
studied area covered a wide temporal and spatial range of soil water availability 
and atmospheric evaporative demand. Studying both tree transpiration and stem 
basal area increments together allows us to analyse the linkages and 
interdependencies of the simultaneous responses of both processes to tree 
species' water use strategies (Hsiao and Acevedo, 1975). 
We hypothesize that, in Mediterranean riparian forests, there is no water 
limitation for growth and transpiration in the case of species distributed by the 
river side, such as alder and black poplar, well known as phreatophytic species 
(e.g. McVean, 1956; Allen et al., 1999; Cox et al., 2005; Singer et al., 2013). On 
the other hand, we expect water availability constraints on ash growth during 
summer drought, due its non-phreatophytic behaviour (Sánchez-Pérez et al., 
2008; Singer et al., 2013). Since black locust is distributed all over the water 
availability gradient, we expect both no transpiration constraints and a better 
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water use efficiency of black locust trees, compared to autochthonous tree 
species. Finally, we expect that alder would be less water use efficient than the 
other tree species given that only grows by the riverside, where no water 
limitations are expected to happen. 
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5.2 Materials and Methods 
5.2.1 Site description 
This study was conducted in Font del Regàs riparian forest, located in the 
Montseny Natural Park, NE Spain (41º 50’ N, 2º 30’ E, 550 m.a.s.l.). This riparian 
forest is growing along the Riera d’Arbúcies stream, which has a permanent flow. 
In the experimental area four tree species are present: alder (Alnus glutinosa (L.) 
Gaertn.), black poplar (Populus nigra L.), ash (Fraxinus excelsior L.) and black locust 
(Robinia pseudoacacia L.); hereafter referred as alder, poplar, ash and black locust. 
Alder and poplar are mostly distributed nearby the river, whereas ash trees are 
located further away, on the hill-slope zone. Black locust trees are scattered 
over the study area. Alder and poplar are known as phreatophytic species. They 
also have diffuse-porous wood ring structure. Ash and black locust are ring-
porous wood species. Ash is described as a non-phreatophytic tree species. Font 
del Regàs site is an example of the discontinuous populations of these species, 
growing in the borders of fluvial streams and above wet soils that can be found 
in the North-Eastern Iberian peninsula (Ginés, 2007). 
About 25 years ago, as usually practiced in the region for this forest type, the 
forest was managed by clear-cutting the riparian tree species near the riverside. 
According to tree-ring core analysis (unpublished data), black locust entered 
successfully after then. This is consistent with its shade intolerance and known 
difficulties to get established under closed canopies (Motta et al., 2009), as well 
as with its ability to proliferate in the riparian forests all over the Mediterranean 
basin favoured by frequent disturbances (Kleinbauer et al., 2010; Radtke et al., 
2013; Straker et al., 2015). Alder individuals resprouted after management. 
Poplar, a fast growing tree species often human-promoted in the Mediterranean 
riparian zones of the area, was thereafter planted. Based on a previous botanical 
assessment in the area, Bernal et al. (2015) we designated this tree species as 
Populus nigra. Older individuals of ash remained uncut, farther away from the 
riverside. At present, no natural regeneration by seedlings has been observed for 
alder and poplar. The riparian understory is formed by a shrub layer of Corylus 
avellana L., Sambucus nigra L., and there is an important abundance of the 
climbing vine Hedera helix L. There is also an herbaceous stratum dominated by 
Anemone nemorosa L., Lamium album L, Viola spp., Carex pendula L., and some 
other common riparian forbs, as well as the opportunist plants Urtica dioica L., 
and Clematis flammula L. 
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The study plot covers about 150 meters x 26 meters on both sides of the 
Riera d’Arbúcies stream and stand characteristics are presented in Table 1. 
According to a gradient of soil moisture, soil slope, distance from the stream 
channel, and distance from the phreatic water table depth, the area was divided 
into three zones. The first zone was located at the first four meters from the 
riverside, with the presence of alder, poplar and black locust (0-4 m). The second 
zone, at an intermediate distance (4-7 m) from the river stream, had the 
presence of poplar and black locust, and the third zone, located on the hill-slope 
zone (>7 m), had the presence of black locust and ash (Figure 4.1). 
 
Figure 5.1. Schematic representation of tree species distribution in the three water 
availability zones. The number of dendrometers (D) and the number of sap flow Thermal 
Dissipation sensors (TD sensors) measuring the trees within each zone are also presented. 
 
Field measurements covered the whole growing season of year 2012 (from 
Day Of Year (DOY) 106 to 306). 
During 2012 vegetative period, the distance from the soil surface to the 
phreatic water table level reached values of -0.62 ± 0.03 m, -1.31 ± 0.03 m, and 
-2.24 ± 0.04 m in the first, the second and the third zones, respectively. During 
the studied period, differences between maximum and minimum groundwater 
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level were <0.2 m in all riparian zones (Poblador, unpublished data). 
Groundwater level oscillations were registered every 15 min using water 
pressure transducers (HOBO U20-001-04) installed in slotted PVC wells. 
5.2.2 Meteorological and soil water content data 
Meteorological data was recorded in a meteorological station, located at ca. 
800 m distance from the study site. Air temperature and relative humidity, solar 
radiation, photosynthetic active radiation (PAR), solar heat flux, rainfall, and 
wind’s speed and direction were installed at a height of 3m and measured at 30-
seconds intervals. Data were stored as 15-min average in a data-logger (CR1000 
Data-logger and AM16/32 Multiplexers, Campbell Scientific, Inc., Logan, UT, 
USA). Vapour pressure deficit (VPD) was obtained from air temperature and 
relative humidity. The hourly potential evapotranspiration (PET, in mm·h-1) was 
calculated according to Penman-Monteith equation following Allen et al., (1998). 
Aerodynamic resistance coefficients were fixed according to Allen et al., (1998). 
The psychometric constant was established at 0.064 k·Pa·ºC-1 to account for the 
site elevation (ca. 500 m.a.s.l.). Soil heat flux was fixed at 10% of solar heat flux. 
Gaps in the precipitation record due to the pluviometer failure were filled by 
linear regression between our meteorological station and Arbúcies’ 
meteorological station (p<0.01, R2> 0.8), located at ca. 3 km distance within the 
same valley. Daily potential evapotranspiration, precipitation, and maximum and 
minimum temperatures during sampling period are shown in Figure 5.2. Mean 
annual rainfall and mean annual temperature during 1980-2000 period were 924 
mm·year-1 and 11.8 ºC respectively (ACA, 2002). 
 
Soil volumetric water content (SWC, cm3·cm-3) was measured integrating the 
first 30 cm of soil, using 3 sensors (CS616, Campbell Scientific). Sensors were 
inserted following a perpendicular direction from the river stream and located at 
ca. 3 m distance one to each other. At the first zone there was a slight SWC 
values reduction in summer, nevertheless  SWC values mostly remained around 
0.41 cm3·cm-3 (maximum values: 0.58 cm3·cm-3 and minimum values: 0.36 
cm3·cm-3). In the second zone, SWC values ranged from 0.14 to 0.36 cm3·cm-3, 
with a mean value of 0.24 cm3·cm-3. There were steep decreases of SWC values 
in this zone during summer. The third zone, the driest one, presented a dramatic 
decrease of SWC during summer in the top soil layers. There, SWC values 
decreased below 0.08 cm3·cm-3 during 66 summer days. Over the year, SWC 
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values ranged from 0.06 to 0.29 cm3·cm-3, with a mean value of 0.16 cm3·cm-3 
(Figure 5.2). 
 
Figure 5.2. Climate and soil measurements over 2012 period. Upper left panel: daily 
seasonal potential evapotranspiration (PET, in mm·day-1). Upper right panel: daily seasonal 
precipitation (P, in mm·day-1). Lower panels, left: daily minimum (grey, discontinuous line) and 
maximum (black solid line) temperatures. Right: soil water content at first 30 cm of soil (SWC, 
in cm3·cm-3) for the three zones considered (zone 1: solid line; zone 2: discontinuous line; 
zone 3: dotted line. Shaded area represents the period in which analysis on summer dry 
period tree responses were carried on. 
 
5.2.3 Biometric measurements and determination of active sapwood area 
A forest inventory was performed in the experimental plot by measuring and 
identifying each individual tree. Tree species diameter at breast height (DBH, 
cm), tree height (h, m), the distance from each tree to the stream bed (m), and 
the stand basal area (AB, m
2·ha-1) are summarized in table 5.1.  
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Table 5.1 | Stand characteristics of Font del Regàs plot. DBH is diameter at breast height (cm), 
AS/AB is the ratio between tree sapwood area and tree basal area (m
2·m-2) and mean distance from 
the stream is the distance from each tree to the stream centre (m). 
  Alder Ash Poplar Black locust 
Tree density (N, trees·ha-1) 469 212 103 894 
Mean DBH (cm)* 11.6 ± 0.5 7.1± 0.6 30.0± 1.8 17.6± 0.4 
Basal Area (AB, m
2·ha-1) 5.7 1.1 7.7 23.3 
Sapwood Area (AS, m
2·ha-1) 4.6 0.5 3.9 5.3 
AS/AB(m
2·m-2) 0.81 0.49 0.5 0.2 
Height (m)* 15.9 ± 0.7 11.2 ± 0.6 28.1 ± 1.3 21.5 ± 0.5 
Mean distance from the 
stream (m)* 3.3 ± 0.2 11.3 ± 0.9 4.8 ± 0.5 10.8 ± 0.6 
 * indicates mean ± standard error. Measurements: Alder, n=26; ash, n=29; poplar, n=6; black 
locust, n=112. 
 
Tree sapwood area (AS, cm
2) is necessary to estimate the total tree 
transpiration from sap flow measurements (Lu et al., 2004). AS was determined 
by conducting "in situ" dye injections into 5 random living trees for each tree 
species. First, a core was extracted at ~1 m height using a Pressler borer. Then 5 
l of river water at 1% eosin were passively injected into trunk's hole during three 
hours (Foulger, 1969). After that period, another core was extracted 20 cm 
above the first hole and active sapwood appeared red-coloured. After measuring 
in the laboratory the core active sapwood, tree AS was estimated. Then, we fit 
allometric relation for each species between AS and DBH (Additional table 
SM5.1). These equations were applied to obtain AS estimations per species at 
stand level (see Table 5.1). 
5.2.4 Sap flow measurements and scaling up from tree to stand transpiration 
Sap flow density per unit sapwood area (Js, in l·dm
-2·day-1) was measured 
following Granier Thermal Dissipation (TD) method (Granier, 1985; 1987) in 30 
individuals (alder n =7, poplar n=6, ash n = 5 and black locust n = 12, Figure 5.1). 
Measures were taken every 30 seconds, and the mean of intervals of 15 minutes 
were stored in a data-logger (CR1000 Data-logger and AM16/32 Multiplexers, 
Campbell Scientific, Inc., Logan, UT, USA). All self-made sensors were covered 
with a reflective insulation to minimize changes in temperature due to direct 
solar irradiation. Natural thermal gradients were corrected by using the periods 
in which only natural thermal differences between probes were accounted. No 
more than 1% increase in instantaneous heath increment between proves due to 
natural gradients was observed. To calculate daily maximum difference of 
temperature between probes, we adapted our own criteria based on Oishi et al., 
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(2008): i) PAR shall be less than 1 µmol·m-2·s-1, ii) VPD shall be lower than 0.1 
kPa during eight consecutive registers (2 hours) and iii) standard deviation in the 
eight last values of instantaneous heath increment must not exceed the 0.5% of 
recorded mean value. Gaps in the register were filled by extrapolating linear 
regression between the recorded Js values for two sensors according to the 
following criteria: a) only sensors inserted in the same tree species and the same 
water availability zone were compared, b) regression coefficient (R2) between 
the two sensors shall be higher than 0.8 during proper measuring periods and c) 
only statistically significant regressions were taken into account. 
Daily tree transpiration Ec (l·day
-1) was obtained by multiplying tree Js values 
by the corresponding sapwood area (AS). Daily species transpiration (Ec, in 
mm·day-1), at stand level, was obtained by multiplying the total stand AS for a 
given tree species, by the mean Js of this tree species. The integration of the 
species specific daily Ec then accounted for total tree stand transpiration. 
5.2.5 Stem basal area increment (BAI) and growth-based water use efficiencies 
(WUEBAI and WUEBAI·) 
Automatic band dendrometers (DRL26, EMS Brno, Czech Republic) were used 
to monitor stem radius variations, registered at 15-minutes intervals. Their 
accuracy is 1 µm over an adjusted range of 60 mm. BAI (cm2·year-1) over the 
growing season was obtained for 22 trees (black locust n = 9, alder n = 3, poplar 
n = 6 and ash n =4, Figure 5.1), in which sap flow density was also measured. 
Accumulated BAI was calculated at the end of the growing season, avoiding the 
confounding short-term basal area increments that could be due to newly built 
layers of woody cells or just changes in water status of the stem - mainly bark’s 
water status changes- (Zweifel et al., 2000; 2005). Growth-based water use 
efficiency (WUEBAI, cm
2·m-3) was then obtained by dividing the annual tree BAI 
by the annual Ec of each individual tree, following the equation 5.1. 
WUEBAI= BAI · Ec
-1   Equation 5.1] 
Where BAI is the basal area increment of a given tree over a growing season 
(cm2·growing season-1) and Ec is the transpiration for a given tree and for a 
growing season (m3·growing season-1). WUEBAI· (g·cm
-1·m-3), was then calculated 
multiplying WUEBAI by the mean wood density of each tree species. Considered 
wood densities were: ash 0.68 g·cm-3 (Gracia et al., 2004), alder 0.49 g·cm-3 
(Gracia et al., 2004 ¸ Claessens et al., 2010), poplar 0.32 g·cm-3 (Pliura et al., 
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2005; Pliura et al., 2007), and black locust 0.75 g·cm-3 (Adamopoulos et al., 
2007). 
 
Figure 5.3. Measurement instruments. Left: Sap flow sensor in a black locust tree. The sensor 
is inserted below the energy reflective material. Right: Automatic band dendrometers 
(DRL26, EMS Brno, Czech Republic), inserted in a black locust tree.  
 
5.2.6 Statistical analysis 
Statistical analyses were carried out using R Statistical software (R 
Development Core Team, Version 2.12.0). Non-linear least squares fitting 
analyses were run to obtain the relationship between VPD and daily mean Js 
values for each tree species following the equation 5.2: 
Js = a · (1- exp
(-b · VPD))   Equation 5.2] 
Where Js is the daily sap flow density (l·dm-2·day-1), VPD is the mean daily 
vapour pressure deficit (kPa) and a and b are empirical parameters determined 
by non-linear fitting. Each model was visually checked for homoscedasticity and 
for normality of the residuals. 
We ran a Generalized Additive Model (GAM) to evaluate if the residuals of 
the equation 2 are related to mean daily SWC, in that case Js responses to VPD 
would be modulated by SWC. GAM analyses were carried out with package 
“mgcv” (Simon Wood, 2012, version 1.7-22). To test if there were differences in 
black locust Js among the three zones, least square analysis comparing daily 
black locust sap flow values between zones were done. We used r2 value to 
account for correlation in black locust Js among zones. In addition, one-way t-
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test was carried out to check that the slope of Js relationships were not 
significantly different from 1. The null hypothesis indicates no significant 
differences between zones. To test the differences of WUEBAI and WUEBAI·, 
two-factor analysis of variance (ANOVA) was run, with tree species and zones as 
categorical independent factors. We visually checked for homoscedasticity and 
normality of the residuals. After running the ANOVA test, a Tukey HSD test was 
run to account for the true WUEBAI and WUEBAI· differences between species. 
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5.3 Results 
5.3.1 Sap flow density (Js) patterns over the growing season 
Js (l·dm
-2·day-1) dynamics over the growing season presented seasonal 
differences between tree species. After leaf outbreak, all tree species started to 
transpire. Ash, alder and poplar started around DOY 110. Black locust started 
significantly 20 days later than the others (N = 29, F = 44.18, p<0.01) (Figure 
5.4). Ash reached its maximum Js, at late June (DOY 165, 16.9 ± 3.9 l·dm
-2·day-1), 
followed by poplar (DOY 198, 9.7 ± 1.8 l·dm-2·day-1), alder (DOY 204, 12.5 ± 1.6 
l·dm-2·day-1) and black locust (DOY 233, 17.1 ± 2.7 l·dm-2·day-1). Maximum Js 
values were higher for ring-porous tree species (ash and black locust) than for 
diffuse-porous ones (alder and poplar).  
 
Figure 5.4. Seasonal course (DOY 100-306 period) of tree species mean daily sap flow 
density values per unit of sapwood area (Js, l·dm
-2·day-1). Dots indicate mean daily values as 
bars indicate daily standard errors for each tree species’ daily Js. 
  
The general seasonal pattern was a sharp increase of Js values during spring 
months, that for ring-porous tree species was up to around 15 l·dm-2·day-1 and 
for diffuse-porous ones was up to around 10 l·dm-2·day-1. These high Js values 
were maintained during the whole summer period for all species except for ash. 
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In accordance to SWC depletion during drought period, ash daily Js values 
presented a decreasing trend over the summer. Ash daily Js values only rose up 
again to similar Js spring values, after the autumn rainy events (Figure 5.4). 
During rainy days, Js values were in general low for all four tree species, 
indicating the lower energy availability to support transpiration. All tree species 
ended their activity around the same days, at mid-autumn season.  
5.3.2 Sap flow responses to VPD and SWC 
 
Figure 5.5. Relationship between sap flow per sapwood area (Js, l·dm
-2·day-1) and daily mean 
vapour pressure deficit (VPD) over the period DOY 150-250. Best non-linear fit is 
represented by a dashed line. Coefficients of the regression and their statistical significance 
are presented in table 5.2. Relationship between the residuals of the observed-predicted 
values are plotted against soil water content (SWC, cm-3·cm-3) in the small panel window. The 
solid line indicates the mean values and the two dashed lines indicate the 95% confidence 
intervals for a GAM analysis. Significance of the GAM analysis is also shown (ns = no 
significant, * p<0.1, ** p<0.5, *** p<0.01). For ash, the threshold of SWC upon which 
residuals are not lower than zero (95% CI > 0) is also noted. 
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A significant exponential asymptotic response of daily mean Js to daily VPD 
was found for all four tree species (Figure 5.5, Table 5.2). Parameter a in Eq. 5.2 
represents the asymptotic maximum Js value at high VPD values, under no 
further environmental constraints. Species-specific comparisons of a parameter 
values show that black locust had the highest one (a = 16.1) and poplar the 
lowest one (a = 9.3). Furthermore, the values of a parameter for diffuse-porous 
tree species (poplar and alder) were lower than those shown by ring-porous tree 
species (black locust and ash). The parameter b describes the slope of the 
response of Js versus VPD, i.e. high b values correspond to high sensitivity of Js 
to VPD increases. Ash presents the highest b value (b = 3.5), followed by poplar 
(b = 1.8), and alder and black locust (both b = 1.5). Thus, at the same VPD 
conditions, ash presented higher Js/Js,max values, followed by poplar, black locust 
and alder. In the case of alder, poplar and black locust, differences between the 
residuals of Js versus VPD relationships were not significantly explained by SWC 
(n = 75, p > 0.1). Nevertheless, for ash, Js response to VPD residuals presented a 
significant positive correlation with increasing SWC (n = 75, F = 13.82, p<0.01). 
This indicates a relationship between ash Js and SWC. The threshold of SWC 
values below which ash transpiration is limited by SWC is 0.08 cm3·cm-3 (Figure 
5.5, inner plot). 
Table 5.2 | Empirical coefficients for Eq. 5.2 [Js= a· (1-exp
(-b·VPD))]. 
Values provided as mean ± SD. 
Coefficient a Coefficient b 
Alder 11.0 ± 0.3*** 1.5 ± 0.1*** 
Poplar 9.3 ± 0.2*** 1.8 ± 0.1*** 
Ash 13.2 ± 0.3*** 3.5 ± 0.6*** 
Black locust 16.1± 0.4*** 1.5± 0.1*** 
Significance: ns = no significant; * p<0.1, ** p<0.05, *** p<0.01 
 
5.3.3 Structural and temporal transpiration patterns 
The total tree transpiration (Ec) was 43% of the growing season precipitation. 
Thus, only 20% of PET was satisfied by tree transpiration. At the end of the 
growing season, Ec reached 211 mm·growing season
-1 when precipitation was 
489 mm·growing season-1. Daily total Ec followed a significant linear relationship 
with PET (n= 197, p<0.001, r2 = 0.7; Additional figure SM5.1). The values of tree 
species transpiration referred to basal area unit (Ec/AB) are lower for black locust 
(more than two times lower values) than for alder (Table 5.3). Ash also exhibited 
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low transpiration rates per basal area during summer months. This is different to 
what was shown by the other tree species, whose transpiration per basal area 
unit rates even increased during summer. Black locust trees transpired the 
greatest water amount (93 mm·growing season-1), followed by alder trees (62 
mm·growing season-1), poplar trees (46 mm·growing season-1) and ash trees (11 
mm·growing season-1) (Table 5.3).  
Table 5.3 | Tree species actual transpiration. AB is basal area for a given tree species 
population, EC is the species population actual transpiration over the 2012 growing season, 
and Ec is the total tree community transpiration. EC/AB is the mean transpiration values 
weighted by basal area. 
  Alder Ash Poplar Black locust Total: 
EC (mm·growing season
-1) 62 11 46 93 211 
ECsp/Ec 0.27 0.05 0.22 0.44 1 
Ec/AB (mm·m
-2·growing season-1) 10.9 9.8 5.9 4.0 5.6 
 
Therefore, black locust accounted for 44% of Ec, while alder 29%, poplar 22% 
and ash only 5% of Ec. Relative temporal patterns of daily Ec values show that at 
the beginning of the growing season (DOY 110-130), transpiration was mainly 
carried out by alder, followed by poplar and ash. However, at mid-spring season, 
black locust started the transpiration activity, and around the DOY 150 black 
locust transpiration was the main contribution to tree’s Ec. On average, poplar 
transpires 5.8 ± 0.9 m3·tree-1 over the growing season, alder 3.5 ± 1.5 m3·tree-1, 
ash 3.3 ± 1 m3·tree-1 and black locust 1.6 ± 0.4 m3·tree-1 (Table 5.4). 
Table 5.4 | Summary of species-specific ecophysiological variables. BAI (cm2·year-1) is 
the annual basal area increment, EC is the tree transpiration (m
3·year-1), WUEBAI is the 
water use efficiency in growth (cm2·m3), and WUEBAI, is the water use efficiency in 









Mean SE Mean SE Mean SE Mean SE n 
Alder 7.5a 2.7 3.5a 1.5 2.5a 0.5 1.2a 0.3 3 
Ash 9.3a 2 3.3a 1 3.3a 1.1 2.3a 0.7 4 
Poplar 59.6b 10.8 5.9a 0.9 11.3b 2.3 3.6a,b 0.7 6 
Black locust 10.1a 2.1 1.6b 0.4 7.2a,b 1.2 5.4b 0.9 9 
 
  
Chapter 5 | Growth and water use in a mixed Mediterranean riparian forest 
248 
5.3.4 Stem basal area increment (BAI) and growth-based water use efficiencies 
(WUEBAI and WUEBAI·) 
There were seasonal differences among tree species of daily mean tree BAI 
values (cm2·year-1·tree-1). Initial stem shrinkages, due to water stem content 
depletions, were observed for all tree species (see reference to zero values in 
Figure 5.6). The first positive growth values were observed for ash at DOY 97. 
The other tree species started to show positive growth values at about one 
month later; poplar, alder and black locust at DOY 127, 128 and 129 
respectively. 
 
Figure 5.6. Average tree basal area increment (BAI) over 2012 growing season. Upper panel: 
Absolute BAI for each tree species (cm2·tree-1). The table shows the DOY of starting growth 
and the accumulated annual BAI value. Different letters indicate significant differences 
between species. Lower panel: species accumulated basal area increment relative to total 
yearly BAI.  
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Seasonal trends of BAI reflect a continuous tree BAI in poplar trees all over 
the growing season, showing no summer water constraints and a slowdown 
growth entering the autumn season. On the other hand, ash presented stem 
shrinkage due to stem water depletion during the dry period, and then resulting 
on negative day to day tree BAI values during summer. Poplar presents the 
highest tree BAI values (Table 5.4), reaching 59.6 ± 10 cm2·year-1·tree-1, followed 
by black locust (10.1 ± 2 cm2·year-1·tree-1), ash tree (9.3 ± 2 cm2·year-1·tree-1) 
and alder (7.5 ± 4 cm2·year-1·tree-1). 
 
Figure 5.7. A) Annual basal area increment (BAI, cm·year-1). B) Annual transpiration Ec 
(mm·year-1). C) Growth-based water use efficiency (WUEBAI, in cm
2·m-3). D) Growth-based 
water use efficiency multiplied by species wood density (WUEBAI·, in g·cm
-1·m-3). Boxes 
represent the mean values, the 50 percentiles and the 95% confidence intervals for each tree 
species (A = Alder (n = 3), F = Ash (n = 4), P = Poplar (n = 6), R = Black locust (n = 9)). Letters 
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Poplar is the tree species with higher WUEBAI values. No significant 
differences were found between the other tree species. However, when these 
values were standardized by the wood density (WUEBAI·) differences were 
found among tree species (Figure 5.7). Black locust and poplar presented 
significant higher WUEBAI· values than the others, followed by ash, and alder. 
These values ranged from 5.4 g·cm-1·m-3 for black locust (the most efficient one) 
to 1.9 g·cm-1·m-3 for alder (the least efficient one). Values of both WUEBAI and 
WUEBAI· were not statistically different between water availability zones for 
both poplar (F= 0.785, p=0.43, n=6), and black locust (F = 0.55, p = 0.604, n = 9). 
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5.4 Discussion 
5.4.1 Species specific sap flow and scaling up to stand transpiration  
Js values were lower in diffuse-porous tree species – alder and poplar- than in 
ring-porous ones - ash and black locust. An explanation for that difference is a 
lower wood hydraulic conductivity of diffuse-porous tree species compared to 
wood hydraulic conductivity of ring-porous ones; as already reported by 
McCulloh et al. (2010). Moreover, diffuse-porous tree species - poplar and alder- 
started transpiration activity before black locust, a ring-porous tree species. This 
is in accordance to Zimmermann and Brown (1971), who observed an earlier 
mobilization of water into the stem by diffuse-porous tree species in comparison 
to ring-porous ones. These authors suggested that new wood formation of ring-
porous tree species is more expensive than diffuse-porous ones. Therefore, 
these species tend to avoid new vessels cavitation by frost stress, by starting 
their growing season later. However, our results show that ash was the first 
species to begin to rehydrate and transpire, taking profit for growth of the 
humid spring periods in the Mediterranean. In Mediterranean environments, 
where freezing-based cavitation is uncommon, the risk of such cavitation may be 
smaller or at least counterbalanced by the advantage of having a longer growing 
season during spring. Here, we have measured an increasing trend of Js during 
the spring months for all tree species, reaching their maximum values during the 
late spring period. Differences in early spring Js to Jsmax due to tissue formation 
were already reported by Breda and Granier (1996) for a Quercus petraea stand. 
This fact can be interpreted as an increment of tree hydraulic conductivity 
during early spring by increasing the leaf area and fine root biomass, and also by 
increasing their active xylem with new vessels formation.  
Ash was the only species that exhibit significant Js and BAI constraints during 
summer drought. The different behaviour of ash is explained because this 
species is mostly unconnected to the phreatic water reserves and its water 
uptake capacity is linked directly to the unsaturated soil water availability (Singer 
et al., 2014). Ash is only located in zone 3, where SWC decreases under 0.08 
cm3·cm-3 during the summer period. Below this value of SWC, our results shows 
that ash decreases its transpiration. A reduction of transpiration prevents ash 
trees vessels to suffer cavitation due to increasingly negative water column 
tensions. However, it also makes ash to decrease carbon uptake during summer 
period, thus reducing growth. So, ash presence only in the drier zone of the 
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study site could be explained by a trade-off between the benefits of reducing 
hydraulic conductivity under increasingly water tensions to avoid cavitation, and 
the associated growth limitations due to stomatal closure during drought stress. 
Where phreatic water table is not reachable, ash tree isohydric behaviour is 
expected to allow it to outcompete the other riparian tree species because a 
more conservative hydric management strategy. However, given that black 
locust is able to reach phreatic water table all along the soil moisture gradient, 
black locust may be able to outcompete ash tree even in the third zone, because 
of the dependence of ash with unsaturated soil water availability . The observed 
transpiration and growth constraints by low soil water availability of this species 
are in accordance with other studies carried out by Aussenac and Levy (1983). 
They found similar observations in a 4-years-old ash plantation under drought 
conditions. Kerr and Calahan (2004) also reported that drought forces ash to 
stop growing. Furthermore, Singer et al. (2013) found that ash root system was 
restricted to the first layers of the soil. This fact was also found by Sánchez-
Pérez et al. (2008), who reported that ash mainly mobilizes water from the first 
top 30 cm layer of soil. Hence, its non-phreatophytic behaviour is widely shown. 
In addition, Lemoine et al. (2001) reported that below a given threshold of soil 
water availability, ash presented a stronger stomatal control than most of the co-
occurring riparian tree species. Whereas Zhou et al., (2014) also found a very 
high sensitivity of this tree species to increasingly negative predawn water 
potentials, compared to more xeric Mediterranean tree species, therefore 
indicating a reduction in transpiration under relatively high soil water potentials. 
Although a decrease of transpiration in dry soil conditions may help ash tree 
to avoid cavitation due to high xylem tensions, in the wet Mediterranean riparian 
forests, this response may limit its competitiveness with the other co-occurring 
riparian tree species, especially when compared to phreatophitic ones as 
discussed above. Here, phreatophitic behaviour of both alder (McVean, 1956) 
and poplar (Allen et al., 1999; Cox et al., 2005; Singer et al., 2013; Singer et al., 
2014) is well known. Phreatic water uptake allow them to keep high 
transpiration rates during summer drought, mobilizing water from the phreatic 
reserves and not being limited by soil water availability. Phreatic water 
mobilization by trees, in our study site, was already suggested by Bernal et al. 
(2015). They concluded that riparian forest transpiration, supported by phreatic 
water, has to be included to understand water balances at catchment level, 
mainly during summer. Likewise, black locust Js values showed no different 
response to different SWC conditions across all soil water availability gradient. 
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The absence of black locust’s negative responses to drought was also 
observed under laboratory conditions in China by Wang et al. (2007) and in the 
field in Czech Republic by Vítková et al. (2015). Black locust is able to modify the 
density, the shape, and the thickness of the leaves depending on water and light 
availability (Xu et al., 2010). Black locust has also an adaptive root system, being 
able to develop deep roots – up to 8 m depth, (Bunger and Thomson, 1938). In 
addition, black locust has been reported to behave as a facultative phreatophyte 
(Móricz et al., 2016). This trait combination allows black locust to decouple 
growth and transpiration from unsaturated soil water reserve, and it may be the 
reason of its better performance than ash during summer drought in zone 3. 
Our results contrast with Singer et al. (2013), who found that poplar was more 
limited than ash by drought in the Rhône River, although both of them presented 
growth limitations due to decreases in vadose zone water availability. 
Consistently, Lambs et al., (2006) did describe poplar as a drought-intolerant tree 
species, and Scott et al., (1999) reported strong poplar crown browning even 
under moderate phreatic water table declines. However, poplar Js does not 
respond to summer drought in our study site. Thus, we assume that poplar trees 
do not experience any water availability limitations. In the Font del Regàs stand, 
even considering that poplar can also obtain a little amount of water from the 
unsaturated soil besides its mostly phreatic-origin water uptake (e.g. Singer et al., 
2014), the absence of negative response in poplar's transpiration to 2012 
summer drought is attributable to its phreatophytic behaviour. Phreatic water 
uptake due the superficial and stable saturated water table in zones 1 and 2, may 
explain both the lack of negative response of poplar to decreasing SWC and the 
presence of this tree species only in the riverside, where phreatic water table is 
reachable.  
We found low values of daily Ec·PET
-1 for the whole tree community (mean 
value equals a 0.2 ratio), which is often used as a proxy for transpiration 
limitations and low CO2 assimilation in dry environments (e.g. Hsiao and 
Acebedo, 1975; Zweifel et al., 2006). However, the linear response of the stand 
transpiration to increasing PET also indicates higher constraints of transpiration 
by incoming energy than by water availability, even during summer. In 
Mediterranean ecosystems, tree transpiration has been reported to reach values 
up to 70-80% of the annual precipitation (Piñol et al., 1999). Nevertheless, in our 
study site, total tree transpiration only accounts for 43% of the precipitation 
during the growing season. This could be explained by the presence of a dense 
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understory, mainly of the climbing vine, Hedera helix, attached to most of the 
trees. It may account for a significant amount of transpiration not measured in 
the present work. The important role of the understory transpiration has been 
already reported by others. Roberts (1983) reported examples where the 
understory accounted for an elevated fraction of the total transpiration. Loustau 
and Cochard (1991) also reported for maritime pine stand that transpiration of 
the understory was one third of the total Ec.  
5.4.2 Patterns of growth based water use efficiency (WUEBAI and WUEBAI·) 
Both WUEBAI and WUEBAI· reach different values depending on tree species. 
Alder is the tree species with highest transpiration per basal area unit, and also 
shows the lowest range of both WUEBAI and WUEBAI· values. In general, alder 
presented lower growth rate values in comparison to the other autochthonous 
tree species. Alder shows an anisohydric behaviour, which means that it keeps 
high leaf conductance values independently of soil water availability 
(Eschenback and Kappen, 1999), but consequently increases its cavitation risk. 
Moreover, this species has a close relationship between transpiration and VPD 
due to its weak stomatal control (Herbst et al., 1999). Those traits makes alder 
extremely vulnerable to water stress (Claessens et al., 2010), and they explain its 
presence just along the riverside, where phreatic water is always available. 
Therefore, if in the south-western Mediterranean basin climate change results 
on a shift from permanent to temporary stream-flow (Otero et al., 2011), the 
conditions for alder preservation in the Mediterranean area would be surely 
endangered.  Poplar shows the highest WUEBAI values of the tree species in the 
study site. Also, poplars WUEBAI· is not significantly different from black locust. 
However, poplar trees does not regenerate within the site, and they are not 
located in the drier zone, where phreatic water table is deeper into soil. Ash 
presents intermediate WUEBAI and WUEBAI· values, mainly because its growth 
limitation during summer due to water stress. Although ash starts growing 
before all other tree riparian tree species, and presents similar values of 
maximum Js and BAI than black locust, this species is subjected to summer water 
availability constraints which are not exhibited by black locust, which is 
outcompeting ash all across the study site when phreatic water table is available. 
Our results demonstrate that black locust does not present any negative 
response of Js to summer drought and it shows the highest WUEBAI·. Ranney et 
al. (1986) also reported high water use efficiency values of well-watered black 
locust juveniles. 
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5.4.3 The inevitable increasing in invasive strength of Black locust in the 
Mediterranean riparian forests. 
Our results demonstrate that both poplar and black locust performed better 
in terms of growth and water use efficiency than the other co-occurring tree 
species. Poplar is well known as pioneer, fast growing, and shade-intolerant 
species (Slavov and Zhelev, 2010). In our case study, as observed in many places 
in the area, both poplar and black locust took the advantage to grow when the 
canopy was opened by riparian forest clear-cutting. Nevertheless, while poplar 
was facilitated by plantation, black locust, exhibited high ability to regenerate 
and get established all over the riparian zones. As a drought-tolerant tree 
species, black locust seems better able than poplar, a drought-intolerant tree 
species, to occupy Mediterranean riparian ecosystems under sustained 
disturbances such as climate change, intensive clear-cutting management, or 
water flow modification due human activity (Lite and Stromberg, 2005). Those 
disturbances open gaps in forest canopies, and this sudden light availability 
promotes the growth and survival of black locust juveniles (Kurokochi et al., 
2010), facilitating this species to quickly colonize the new open spaces, 
competing with poplar for the exploitation of newly generated gaps in the 
canopy. In addition, poplar recruitment is closely related to a well watered soil 
conditions during the June-July months (Guilloy-Froget et al., 2002), while black 
locust better tolerates drought stress. So, soil water availability will play a key 
role in determining which tree species, black locust or poplar, outcompetes the 
other in zones 1 and 2 in the future. In zone 3, however, competition occurs 
between black locust and ash tree, the two more isohydric tree species in the 
study site.  
As an invasive tree species in Mediterranean riparian forests, the 
establishment and growth of black locust imply competition for resources with 
autochthonous tree species. The life traits of black locust seems to facilitate this 
tree species to outcompete in front of native species after human management 
or climate induced disturbances that will open gaps in the forest canopy. On one 
hand, several studies have reported that the presence of black locust promotes 
many changes in riparian ecosystems, such as soil organic matter quality and 
composition (De Marco et al., 2013), soil nitrogen cycle modifications (Bormann 
et al., 1993; Castro-Díez et al., 2009; Medina-Vilar, 2016), negative impacts upon 
autochthonous tree species composition (Peloquin and Hiebert, 1999) and 
decrease on beta-diversity (Tommasso et al., 2012).  On the other hand, some 
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studies reported that black locust does not regenerate well under closed 
canopies, so the invasion of this tree species is clearly facilitated by 
environmental or human induced disturbances (e.g. Boring and Swank, 1984; 
Motta et al., 2009, Kleinbauer et al., 2010).  
Our results support that, if future scenarios include increasing aridity and 
human disturbances in riparian zones, and more extreme climate-related events, 
as floods or more severe droughts, black locust expansion would be inevitable 
because of its higher water use efficiency. Thus, given the IPCC (2013) climate 
change projections in the Mediterranean zone, we expect that black locust will 
become increasingly dominant in many Mediterranean riparian forests. This 
would be particularly certain after disturbances such as intensive management. 
Additional impacts, such as changes in nutrient cycling and loose of habitat 
diversity due to black locust presence, would need further attention. 
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5.5 Conclusions 
We have shown that alder, poplar and black locust did not experience 
transpiration constraints due to water scarcity, even during summer of a 
particularly dry year. Due to their ability to uptake water from groundwater 
reserves, these species, currently common in Mediterranean riparian forests, are 
more limited by evaporative demand than by water availability. Nevertheless, 
ash experienced transpiration constraints at soil water content values below 
0.08 cm3·cm-3, confirming its non-phreatophytic behaviour. Black locust was the 
main tree species contributor to transpiration in our study site. Furthermore, 
black locust performed better than alder and ash in terms of growth and growth 
based water use efficiency. Given the projected increase of aridity in the 
Mediterranean area, alder is likely the most vulnerable of the autochthonous 
riparian tree species and black locusts seems a clear winner. 
Our results suggest that the main explanation of the expansion of black locust 
in the Mediterranean riparian forests is based on its high growth-based water 
use efficiency, over a broad range of soil water availability conditions in the 
riparian zone, together with its easy establishment in this riparian zone after 
disturbances. That is essential to understand the inevitable invasion of black 
locust in Mediterranean riparian forests, specially promoted by the current 
intensive forest management in these ecosystems.  
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5.7 Supplementary material 
 
 
Supplementary material Figure SM5.1: Relationship between the measured stand daily 
transpiration (Ec, in mm·day
-1) and daily potential evapotranspiration (PET, mm·day-1), for 
three different SWC conditions at zone 3. For each SWC condition, a linear regression ± SE is 
represented. No significant differences in slope were found when SWC < 0.15. Size of the 
dots proportional to soil moisture deficit (SMD). 
 
 
Supplementary material Table SM5.1 | Allometric equation parameters 
between stem diameter at breast height (DBH) and tree sapwood area (As) 
for each tree species considered. N is the number of replicates, a and b are 
empiric parameters estimated by the non-linear regression (As = a·DBH
b) 
and r2 is the fit of the model to measured data. 
       N A B r2 
Alder 6 0.60*** 2.02*** 0.998 
Poplar 5 0.47*** 1.95*** 0.718 
Ash 6 0.58*** 1.83*** 0.941 
Black locust 6 0.05*** 2.41*** 0.966 
Significance: ns = no significant, ** p<0.05, *** p< 0.01 
 
 
Supplementary material Table SM5.2 | Spearman’s correlation coefficient 
between Js of black locust in the three water availability gradient zones. N = 178. 
Zone 1 Zone 2 Zone 3 
Zone 1 1 - - 
Zone 2 0.952*** 1 - 
Zone 3 0.975*** 0.969*** 1 
Significance: ns =no significant, **=p<0.05, ***=p<0.01 





Supplementary material Figure SM5.2: Monthly evolution of tree species transpiration Ec 
per tree species basal area (Ec/AB, in m
3·m-2 ).  
 
 
Supplementary material Figure SM5.3: Iberian occurrences at GBIF database 
(https://www.gbif.org/) for F. excelsior, R. pseudoacacia, P. nigra and A. glutinosa at year 
2019. Black arrows indicate the "La Font del Regàs" stand location. 
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5.8 Addendum: 
Note: This addendum is not part of the original manuscript. Instead, it was written from a posterior re-
analysis of the data here presented. 
 
Addendum Figure Add5.1: Response of daily sap flow (Js, in l·dm-2·day-1) to vapor pressure 
deficit (VPD, in kPa), for ash tree (left panel) and black locust (right panel), for two contrasting 
SWC conditions according to the threshold detected in Figure 5.5 [SWC > 0.08 cm3·cm-3 
(dots), SWC ≤ 0.08 cm3·cm-3 (open circles)]. Inner table indicates Eq. 5.2 coefficient estimates 
as Mean ± SE for the two different seasons. All coefficients are different to 0 with a 
statistical significance of p<0.01. 
 
Whereas black ash tree decreased its sap flow responsiveness to increases in 
VPD when SWC ≤ 0.08 (Addendum Figure Add5.1), black locust Js did not 
present such a decrease under extremely low summer SWC values. It can be 
interpreted as an adaptive trait of ash tree to periodical droughts that occurs in 
the Mediterranean region (Marigo et al., 2000). Thus, by reducing its stomatal 
conductance under low SWC conditions, ash tree minimizes the risk of 
cavitation due to increased xylematic tensions (Anderegg et al., 2016). On the 
other hand, black locust is able to adapt its transpiration to reduced water 
availability through reducing LAI and decreasing stomatal conductance (e.g. Liu 
et al., 2013: Zhang et al., 2015; Jiao et al., 2016; Ma et al., 2017) in semi-arid 
regions such as the Loess Plateau in China, where precipitation ranges 300-800 
mm·year-1 (Feng et al., 2016). Conversely, in La Font del Regàs stand black locust 
sap flow did not respond to soil water depletion during summer. These results 
support the idea that in La Font del Regàs stand black locust likely have access 
to other water sources than SWC (i.e. phreatic layer), that allows it to increase its 
Js following VPD increases independently of SWC during summer. 
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"At once he set off with long deliberate strides through the trees, deeper and deeper into the wood, 
 never far from the stream, climbing steadily up towards the slopes of the mountains.  
Many of the trees seemed asleep,or as unaware of him as of any other creature that merely passed by;  
but some quivered, and some raised up their branches above his head as he approached." 
The two towers, J. R. R. Tolkien 
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Abstract: 
Mediterranean riparian forests are comparably humid environments that 
provide shelter  for several broadleaved deciduous tree species at their 
southernmost distribution margin. The stability of these communities, however, 
is threatened by climate change as well as invasive tree species, such as black 
locust (Robinia pseudoacacia L.). So far, black locust's European distribution 
appears to be mostly limited by low temperatures, but global warming might 
enhance its growth in colder areas. Moreover, R. pseudoacacia can better access 
water from the phreatic level than some native non-phreatophytic tree species 
such as European ash (Fraxinus excelsior L.). In this study, we compare the 
performance of European ash, a native deciduous tree species at its 
southernmost distribution border, with the invasive black locust, under a range 
of climate change projections, in a stand located at N.E. Spain.  
We first use Bayesian inference to calibrate the GOTILWA+ vegetation model 
against sap flow data for both tree species. We then project each tree species’ 
performance under several climate change scenarios. Our results indicate that 
increasing temperatures will enlarge black locust's vegetative period, leading to 
substantially increased annual productivity if the phreatic water table keeps 
reachable. For European ash, we project a slight increase in productivity, but 
with higher uncertainty.  
Our findings suggest that black locust will profit more from global warming 
than the native European ash, which is concerning because  of the already 
detrimental impact of black locust for the local ecosystems. We conclude that 
climate change has the potential to stimulate black locust growth on 
Mediterranean riparian forests. Forest management should therefore include 
mechanisms to avoid black locust establishment, such as avoid clear-cutting and 
maintaining closed riparian forest canopies. 
 
 
Keywords: Black locust; climate change; ecophysiological models; inverse 
modeling;  Mediterranean riparian forests. 
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6.1 Introduction 
Climate change is expected to substantially alter forest dynamics during the 
21th century. Where climate becomes unsuitable, trees might respond either by 
short-term acclimation, long-term adaptation in well-established tree 
populations, or to altitudinal and latitudinal migrations in the case of small 
populations living in fragmentary habitats (Aitken et al., 2008; Walther, 2010; 
Van der Putten, 2012; Liang et al., 2018). In addition to climate change, forest 
ecosystems have to cope with deliberate or accidental human-mediated 
introduction of new species. The swift increase in global trade and connectivity 
has led to an increasing arrival of propagules into autochthonous ecosystems 
(Meyerson and Mooney, 2007). While most of them are not capable of invading 
well established ecosystems, some can, and the non-equilibrium conditions 
created by climate change may render such invasions (e.g. Hellmann et al., 2008; 
Kleinbauer et al., 2010; Dullinger et al., 2017; Vitousek et al., 2017; but see Funk 
and Vitousek, 2007). Thereafter, in order to assess the future fate of forest 
ecosystems, it is thus crucial to consider climate-induced changes in species 
ecophysiological traits that may enhance possible invaders proliferation. 
Mediterranean riparian forests are a paradigmatic example of those issues. 
These sub-humid ecosystems, which occur around small streams in the 
Mediterranean climate zone, are characterized by particular micro-climatic and 
hydrological conditions. Whereas most Mediterranean forests grow under a 
strong water stress in summer, which severely limits their growth during the dry 
season (see Palahí et al., 2008, for a review), Mediterranean riparian tree species 
can easily access groundwater supply (e.g. Singer et al., 2014), and are therefore 
much less prone to water stress. The presence of a continuous or a temporary 
stream-flow regime, and changes in groundwater table depth are crucial for 
riparian tree growth and development (e.g. Thorburn and Walker, 1994; Singer 
et al., 2013; Sargeant and Singer, 2016). Furthermore, evaporation from river 
flow increases air water vapor content and reduces the local atmospheric 
evaporative demand (Lite and Stromberg, 2005), which is usually higher than 
water availability in Mediterranean ecosystems. Therefore, riparian areas act as 
natural vegetation shelters for several deciduous tree species, which, despite 
drought intolerant, are living surrounded by the semi-arid conditions of the 
Mediterranean region (e.g. Singer et al., 2014; Sargeant and Singer, 2016). 
While the riparian environment provides better access to water, it creates 
other challenges. Plants growing in these dynamic environments must face 
Chapter 6 | Projections of black locust and European ash growth under climate change 
270 
periodical anoxic conditions in their deep fine root system when changes in 
water table occur (Canham et al., 2012), and mechanical stresses during the 
highly recurrent floods (e.g. Naiman and Decamps, 1997; Kreuzwieser et al., 
2004; Naumburg et al., 2005). Furthermore, although these habitats are 
protected under the European Union Natura 2000 network (Natura 2000, 
91EO* "Alluvial forests with Alnus glutinosa and Fraxinus excelsior"), 
anthropogenic pressure on these ecosystems is high, either directly by forest 
management (Stella et al., 2013), or indirectly by water extraction and river flow 
regulation, leading to forest degradation and species losses (e.g. Scott et al., 
1999; Lite and Stromberg, 2005; Dufour et al., 2007; González et al., 2010). 
A further threat to Mediterranean riparian forests is invasion by 
allochthonous tree species, such as black locust (Robinia pseudoacacia L.). This 
tree species, originally from the Appalachian mountains, has invaded European 
wetlands since the early 18th century, with increasing expansion speed since the 
second half of 20th century (Vítková et al., 2017). Black locust was considered 
the most problematic invasive tree species in EU region during 2001-2010 
decade (MCPFE, 2007), and since then its distribution has increased Europe-
wide (Vítková et al., 2017). Despite its highly efficient water management 
strategy (Nadal-Sala et al., 2017b), black locust prefers moist and warm 
environments. Due to its fast growth, it proliferates especially well after human-
induced disturbances, such as clear-cuts or other landscape alterations (e.g. 
Motta et al., 2009; Cierjacks et al., 2013). It also benefits from natural 
disturbances frequently occurring in Mediterranean streams. As for other 
invasive tree species in riparian systems (e.g. Lite and Stromberg, 2005), its 
invasion is thought to be related to recent changes in phreatic water levels, 
which favor more drought-tolerant species over the existing local vegetation. 
Moreover, the facultative phreatophytic behavior of black locust allows this tree 
species to outcompete both the autochthonous phreatophytic tree species in 
the surroundings of the river stream, and the autochthonous non-phreatophytic 
tree species, some of them performing at the southern border of their 
distribution, such as European ash (Fraxinus excelsior L.), which grows in the 
steepest and driest zones of the studied riparian forest (Nadal-Sala et al., 2017b). 
Low temperatures often limit black locust's growth in Europe, thus limiting its 
current distribution (e.g. Kleinbauer et al., 2010; Vítková et al., 2017; Dydersky 
et al., 2018). However, ongoing climate change is projected to increase overall 
temperature by 1.5-5 degrees by the end of the 21th century, compared to the 
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1971-2000 reference period (IPCC, 2013; Brown and Caldeira, 2017). 
Additionally, worst-case scenarios project reductions in precipitation of up to 
30% by the end of the century in southern Mediterranean (IPCC, 2013; Lionello 
and Scarascia, 2018), as well as a higher concentration of rain events, increasing 
the probability of severe droughts or floods (Serrano-Notivoli et al., 2018). This 
increase in temperatures and disturbances regime is likely to promote black 
locust expansion (Hellmann et al., 2008; Kleinbauer et al., 2010; Dydersky et al., 
2018), threatening to amplify its negative impacts on ecosystems, which include: 
changes in soil stachyometry (e.g. Rice et al., 2004; Medina-Villar et al., 2015; 
Buzhdygan et al., 2016), in-stream nitrogen load (Lupón et al., 2017), and species 
composition (Peloquin and Hiebert, 1999; Benesperi et al., 2012), all associated 
to elevated economical costs for society (Andreu et al., 2009). 
To better understand and prepare for such a scenario, the key question is 
how well black locust will perform in Mediterranean ecosystems under moderate 
to strong climate change, compared with autochthonous tree species. Previous 
modeling efforts to examine this question have focused on correlative 
distribution models (e.g. Kleinbauer et al., 2010; Vilà et al., 2012; Dydersky et al., 
2018), which are limited in their ability to describe transient environmental 
dynamics, as well as extrapolations to non-analogue climatic conditions. Process-
based models that would allow understanding the ecophysiological processes 
driving the invasion of black locust are still poorly developed, mainly due to the 
lack of reliable parameter estimates for black locust water management 
strategies and phenological characteristics. 
In this paper, we calibrate the process-based ecophysiological forest model 
GOTILWA+ for black locust and for European ash, to compare the performance 
of these two key species under climate change. We assume that their projected 
productivity and growth are indicative of their future performance under climate 
change, although we realize that mortality and regeneration might not always 
follow growth reactions linearly. Model parameters were calibrated to measured 
sap flow data, using Bayesian inference. We then used the estimated parameters 
to project the performance of black locust and European ash under several 
climate change scenarios. 
We generally expect to find that: i) low temperatures currently limit black 
locust vegetative period compared to European ash, so an increase in 
temperatures and atmospheric CO2 concentration, as projected for the Iberian 
Peninsula (IPCC, 2013; Vautard et al., 2014), should enhance black locust 
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growth; ii) due to its facultative phreatophytic behavior (Nadal-Sala et al., 2017b; 
Poblador, 2018), black locust growth should be less restricted than European ash 
growth by precipitation reduction; iii) in an extreme climate change scenario, 
tree growth might be limited due to swift increases in aridity; if so, European ash 
would be more affected, as it is located in the southernmost border of its 
distribution. For either of these questions, we analyzed the magnitude of the 
expected effect, and the level of climate change at which greater impacts would 
be expected. 
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6.2 Material and methods 
6.2.1 Study site description 
Field measurements were performed in 2012 at the La font del Regàs study 
plot, a riparian forest growing along the La Riera d'Arbúcies stream, in the North-
Eastern Spain, located within the limits of the Montseny Natural Park (41º 49’ N, 
2º 27’ E, 550 m.a.s.l.). La Riera d'Arbúcies stream is a forested, permanent, low 
order, stream, tributary of the La Tordera river. La Riera d''Arbúcies river 
catchment area is 14.2 km2, and it has steep slopes (28 %). Substrate is 
dominated by biotitic granite (Lupón et al., 2016). Soil throughout the study site 
is sandy loam, slightly acid (pH = 6.7), with low rock content (<13%) and an 
average bulk density of 1.09 g·cm-2 (Chang et al., 2014).  
Tree community is mainly composed of four broadleaved deciduous tree 
species, black alder (Alnus glutinosa (L.) Gaertn.), black poplar (Populus nigra L.), 
European ash (Fraxinus excelsior L.), and black locust (Robinia pseudoacacia L.). 
Black locust entered the site via a black poplar plantation clear-cut about ~40 
years ago, and has since become the most abundant tree in the plot, making up 
nearly 50% of the total basal area. Tree populations within the site are spatially 
structured, with black alder and black poplar only growing in the surroundings of 
the stream (0-4 m horizontal distance from the stream), where their roots can 
easily reach the phreatic water table in order to supply their high transpiration 
rates. European ash grows at >7 m horizontal distance from the stream, where 
its drought-tolerant behavior (Marigo et al., 2000) allows this tree species to 
outperform both the drought-intolerants black poplar and black alder tree 
species. Black locust, the allochthonous tree species, is distributed all across the 
plot due to its facultative phreatophytic behavior (Móricz et al., 2016; Nadal-Sala 
et al., 2017b; Poblador, 2018). 
We focus here on the zones of the site where only European ash and black 
locust grow, as we expect these zones to be the most impacted by ongoing 
climate change. There, black locust, unlike European ash, is able to mobilize a 
significant amount of water from the ground water table during summer (Bernal 
et al., 2015; Poblador, 2018). Here we assume that black locust will be able to 
maintain this water source under climate change. There are two main reasons 
that justify this assumption: the first reason is that groundwater levels showed 
almost no seasonality during the 2011-2012 period, even considering that 2012 
presented anomalously dry winter and spring seasons. Variation in the 
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groundwater table in 2012 in La font del Regàs was only about ca. ~20 cm 
between early spring and late summer (Chang et al., 2014; Poblador et al., 2017). 
The second reason is that black locust is able to develop deep coarse roots, with 
reported maximum rooting depths of ca. ~8 m (Bunger and Thomson,1938). We 
therefore assume that black locust will be able to acclimate its rooting depth to 
minor increases in underground water table depth in La font del Regàs plot, 
where unsaturated soil depth is only ca. ~ 0.95 cm. 
6.2.2 Meteorological data and climate change projections 
Daily meteorological data for the 2011-2012 period was obtained from a 
nearby meteorological station located at approximately 900 m distance from the 
study site. The meteorological station measured air temperature and air relative 
humidity, solar radiation, photosynthetic active radiation (PAR), solar heat flux, 
rainfall, and wind’s speed in a 10-seconds basis, and it registered the 15-min 
average in a data-logger (CR1000 Data-logger and AM16/32 Multiplexers, 
Campbell Scientific, Inc., Logan, UT, USA). Vapor pressure deficit (VPD) was 
calculated from air temperature and air relative humidity. Hourly potential 
evapotranspiration (PET, in mm·h-1) was obtained using the Penman-Monteith 
equation (Allen et al., 1998). Gaps in the precipitation record due to pluviometer 
failure were filled by linear regression (p<0.01, R2> 0.8) with nearby Arbúcies 
meteorological station (distance equal to c.a. ~3 km eastward). 
To obtain climate change scenarios, we generated 90-years long daily 
meteorological time-series for the La font del Regàs stand with the RheaG 
Weather Generator (Nadal-Sala et al., 2019), using the 1991-2010 period record 
data as a reference (Ninyerola et al., 2007a; 2007b), under three climate forcing 
scenarios (RCP): 1) no further climate forcing, hereafter referred as RCP 0.0. This 
climate scenario considers that climate seasonality, mean monthly precipitation 
and mean monthly temperature equal to the reference period. 2) RCP 4.5 
(moderate forcing) and 3) RCP 8.5 (extreme forcing) climate forcing scenarios, 
(IPCC 2013). For each RCP, we selected three different GCMs projections from 
a database available via AEMET (Spanish Agencia Estatal de Meteorología, 
http://www.aemet.es). The database contains projected monthly precipitation, 
maximum temperature and minimum temperature projections from 2006 to 
2100 for RCP4.5 and RCP4.5. The three selected GCMs were HadGEM2-ES 
(HadGEM2, Jones et al., 2011), IPSL-CM5A-LR (CM5A, Dufresne et al., 2012), 
and MPI-SM-LR (MPI, Giorgetta et al., 2013). Figure 6.1 represents the monthly 
mean values in the reference period, as well as the anomalies for each GCM and 
Chapter 6 | Projections of black locust and European ash growth under climate change 
275 
RCP by the end of century. We assumed a linear increase in monthly anomalies 
in maximum temperature, minimum temperature and percent of precipitation 
along the projected period for each GCM. 
There was no clear pattern in the increase in aridity of climate change for 
different GCMs and considered: while for RCP 4.5 HadGEM2-ES predicted the 
most drastic change, for RCP 8.5 the most arid projections occurred for IPSL-
CM5A-LR. We therefore interpret the GCMs essentially as a source of 
uncertainty. 
 
Figure 6.1. Visualization of climate change scenarios' implementation. a) Determination of 
monthly P (in annual % P), for La font del Regàs stand. This particular example obtains the 
P for December, the RCP 8.5 and the GCM MPI. Black dot indicates La font del Regàs stand 
location. b) Monthly precipitation (mm·month-1) and monthly mean temperature (ºC) for the 
1981-2010 period. Upper-right panels represent monthly P (in %·year-1) for the three 
different GCMs (solid line HadGEM2, dashed line MPI, and dotted line CM5A) and the 
RCP4.5 - c) -, and the RCP 8.5 - e) -. Lower panels represent the monthly century increase in 
temperature (ºC·century-1), for the three different GCMs and the RCP4.5 - d) -, and the RCP 
8.5 - f). 
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6.2.3 Sap flow and active sapwood area measurements 
Sap flow measurements were performed using 20 mm-long self-made 
constant Thermal Dissipation (TD) sensors, calibrated following Granier (1985, 
1987) (see the details in Nadal-Sala et al.2017b). Natural thermal gradients were 
accounted for, although their impact was small, representing less than 1% of sap 
flow signal during all the monitoring period. To avoid incorrect reference 
increment in temperatures due to night sap flow, we followed Oishi et. al (2008) 
in taking into account only the reference increment in temperatures during 
night, if VPD is lower than 0.1 kPa during eight consecutive measurements, and 
if the standard deviation for the eight last values of instantaneous heat 
increment did not exceed the 0.5% of the mean value.  
During 2012 growing season, we monitored 9 black locust trees and 5 ash 
trees representative of the different DBH classes distribution for each tree 
species (DBH = black locust = 21.6 ± 3.5 cm; European ash = 20.3 ± 5.0 cm, 
mean ± SD). European ash trees were located at the hill slope. Black locust trees 
were located all across the plot, as black locust individuals presented similar sap 
flow values independently of their distance to the river (Nadal-Sala et al., 
2017b). Mean daily sap flow values per sapwood area (Js, in l·dm
-2·day-1), were 
obtained by averaging daily sap flow values for all individuals for a given tree 
species. After the experiment, each monitored tree's sapwood depth was 
measured "in situ" by core extraction. Sapwood depth for ash trees was 2.6 ± 0.5 
cm, while for black locust was 2.8 ± 0.7 cm (mean ± SD). Therefore, as sensors 
were inserted completely to active sapwood, no further corrections in Js due to 
inactive xylem inclusion in measurements were needed (Clearwater et al., 1999). 
For six individuals for each tree species, with DBH covering all DBH classes 
present in the stand, active sapwood area (As, in dm
-2) was stained by dye 
injection according to Foulger, (1969). Visual identification of stained wood area 
in a wood core obtained with a Pressler borer allowed us to estimate As. Then, 
we correlated individual tree As with DBH by an allometric equation [described 
in more detail in Nadal-Sala et al., (2017b)] to extrapolate As for all individuals in 
the stand. Although we did not check for possible within-tree radial variations in 
Js (e.g. Poyatos et al., 2007; Cohen et al., 2008), as well as for possible variations 
of Js with sapwood depth (e.g. Čermák  et al., 1992; Granier et al., 1994; James 
et al., 2002), the length of the sensor used, which almost covered the entire 
thickness of active sapwood, meant that assuming homogeneous Js values for all 
As should have been a good approximation, as has been assumed in similar 
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stand-scale transpiration quantification approaches (e.g Bréda and Granier, 
1996; Wang et al., 2010; Zhang et al., 2015). Hence, stand transpiration (E, in 
mm) was calculated by multiplying tree species cumulated As by mean species Js. 
It is noteworthy here that the variable used for GOTILWA+ inverse modeling 
was daily Js (see description below) rather than stand E, which was only 
accounted in the present work for GOTILWA+ simulations validation purposes. 
6.2.4 Modelling phreatic water uptake with GOTILWA+ model 
To project ecophysiological responses of black locust and European ash under 
global warming conditions, we selected the process-based forest dynamic 
simulation model GOTILWA+ model (Growth Of Trees Is Limited by WAter, 
http://www.creaf.uab.es/gotilwa/, Gracia et al., 1999; Keenan et al., 2009; 
Fontes et al., 2010; Nadal-Sala et al., 2017a). It simulates daily carbon and water 
fluxes through a mono-specific forest stand. It allows to include forest 
management and transient climate conditions. GOTILWA's performance 
concerning carbon and water fluxes has been extensively validated in different 
European forests (e.g Kramer et al., 2002; Morales et al., 2005; Gracia et al., 
2007; Keenan et al., 2009; Keenan et al., 2010). Also, the model has been widely 
used for projecting forest performance across Europe (e.g. Sabaté et al., 2002; 
Keenan et al., 2010; Keenan et al., 2011; Reyer et al., 2017; Bugmann et al., 
2019). 
In summary, photosynthesis in GOTILWA+ is based on the Farquhar model 
(Farquhar and Von Caemmerer, 1982), modulated by soil water availability at 
biochemical level (i.e. limitation in Vcmax and Jmax as soil dries) (e.g. Keenan et 
al., 2009; Keenan et al., 2010; Drake et al., 2017). Photosynthesis is internally 
coupled to Leuning's stomatal conductance model (Leuning, 1995). Leaf energy 
balance is calculated following Gates' Foliar Energy Balance (Gates, 1962, 1980). 
Furthermore, the start and end of the growing season are implemented as a 
threshold of cumulated temperature according to Leinhonen (1997). 
GOTILWA+ divides the soil into two compartments. The unsaturated 
compartment, which interacts directly with precipitation and evapotranspiration, 
and the saturated compartment. The latter represents the water saturated layer 
of the soil due to the influence of an underground flow. The model assumes that 
soil water content (SWC, in mm) in saturated layer is always equal to field 
capacity, whereas in unsaturated layer SWC varies dynamically during the year. 
Tree population interacts with both zones by a coefficient of fine root fraction 
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present in the saturated zone (a). It ranges from 0 to 1, with values of 0 for strict 
non-phreatophytic tree species and 1 for strict phreatophytic tree species. 
Available soil water content (SWCa, in mm) is calculated hourly according to 
equation 6.1: 
        =     (1 − a) +      a             Equation 6.1]   
Where SWCU is the SWC in unsaturated soil, in mm, and SWCS is the soil 
water content in the saturated compartment, in mm. Equation 5.1 implies that 
trees capable to uptake water from the phreatic layer will have more favorable 
water balances than the trees that don't, as their SWCa will be always higher for 
the same SWCU. 
As GOTILWA+ only works with mono-specific stands, we simulated two 
separate stands for black locust and European ash, under identical soil 
characteristics and meteorology, in order to compare tree species behavior. As 
such, we don’t account for biotic interactions that may occur in mixed stands 
which could alter forest processes compared to pure stands (e.g. Boulangeat et 
al., 2012; Liang et al., 2018). We deliberate possible limitations of this in the 
discussion. 
In our projections, we assumed that initial tree density in both stands was 737 
trees·ha-1, corresponding to the sum of the densities for each tree species in the 
original plot (Nadal-Sala et al., 2017b). No mortality for black locust nor 
European ash was observed during the measurements, and we included this 
information as an observation in our model calibration (see below). 
Farquhar's model photosynthetic parameters for European ash where set to 
Vc,max=76.6;Jmax= 140; Rd= 1.15 [adapted from Kattge and Knorr, (2007)]. For 
black locust, photosynthetic parameters were set to Vc,max=66.7; Jmax= 97.6; Rd= 
0.7, according to "in situ" field measurements (Sperlich, unpublished data). 
Rubisco Kc, Ko, and CO2 compensation point were considered temperature-
dependent for both tree species, with activation and deactivation energies 
obtained from Bernacchi et al., (2001). Stand structure and allometric relations 
parameters for both tree species were obtained from Catalan Forest Inventory 
(IEFC, Gracia et al., 2004). See Supplementary Material SM Table 6.1 for further 
details. 
6.2.5 Inverse calibration of GOTILWA+ parameters 
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Similar to comparable eco-physiological models, GOTILWA+ contains a large 
number of parameters. For many of these, it is unfeasible to derive exact (and 
possibly site-specific) values from field measurements or the literature.  
Bayesian model inversion, referring to the calibration of model parameters to 
match the measured field data [Ellison, 2004; see Hartig et al., (2012) for a 
review] has proven a useful tool in this situation (e.g. O'Hara et al., 2002; Purves 
et al., 2007; Hartig et al., 2014; Lagarrigues et al., 2015). Advantageously, 
Bayesian calibration procedure allows to consider not only model fit, but also 
prior information about model parameters. Moreover, it also provides an 
estimate of uncertainty for each model parameter and the resulting model 
predictions (Van Oijen et al., 2005; Hartig et al., 2012). 
Technically, the parameters estimate is obtained via Bayes formula 
    (| ) =  
 ( |)·  ()
 ( )
   Equation 6.2] 
which states that the Bayesian posterior probability p(|D) for any parameter 
combination is proportional to the fit of the model with the respective 
parameters, expressed by the likelihood p(D|), multiplied by the prior 
probability of the respective parameter combination p(). The posterior 
distribution p(|D) can usually not be obtained analytically and must therefore 
be approximated numerically, with Markov-Chain Monte-Carlo (MCMC) being 
the most common methods. We used the Differential-Evolution MCMC with 
memory and snooker update (DEzs, teerBraak and Vrugt, 2008), implemented in 
the BayesianTools R package (Hartig et al., 2017). 
For all parameters included in the calibration, we specified uninformative 
uniform priors, with boundaries determined by expert judgment and previous 
sensitivity analysis of specific parameter performance (Table 6.1). 
Our likelihood function (i.e. measuring model fit) contained two parts i) as no 
tree mortality was observed in the field, we set the likelihood to zero if the 
model predicted tree mortality. This effectively excludes all parameter values 
that would produce mortality for the tree species during 2011-2012 period. The 
second part of the likelihood measures the fit of the model to sap flow data. The 
most common choice to model the discrepancy between model and data is the 
normal distribution, but this choice is sensitive to outliers, which are often found 
in ecophysiological data. Fatter-tailed likelihoods, like the Student-t Distribution 
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are often better supported by the data (e.g. Augustynczik et al, 2017). Here, we 
used a similar robust approach, a double-exponential (Laplace) error distribution 
(Equation 5.3), resulting in a likelihood function 
     ( |)µ      Equation 6.3] 
where x is the absolute value of the residual |Observed - Simulated| for each 
individual observation, and  is the rate parameter. 
To compare model and data, we simulated forest dynamics for 2011 and 
2012 with GOTILWA+ under "in situ" meteorological conditions. We then 
compared GOTILWA+ simulated transpiration per sapwood area, an estimate of 
sap flow (Js, in l·dm-2·day-1) against 2012 growing season Js, measured as 
described in section 6.2.3. 
We ran three independent DEzs MCMCs with 200k iterations each for each 
tree species. Runtime for each calibration was in the order of ~5 days. We 
discarded 50k iterations as burn-in, and tested convergence of the remaining 
parts of the chains via Gelman-Rubin convergence diagnostics (Gelman and 
Rubin, 1992), requiring multivariate potential scale reduction factors< 1.1 
(Brooks and Gelman, 1998). The exact values were 1.08 for R. pseudoacacia and 
1.01 for F. excelsior. 
6.2.6 Analysis of the calibrated model 
To obtain the posterior predictive distributions under the different climate 
scenarios, we sampled 1000 parameter combinations from the posterior and 
calculated the posterior predictive distribution (hereafter referred as PPD). This 
procedure forwards parametric uncertainty to the model outputs. When PPD is 
shown, results are provided in median values with 10-90% Credible Intervals 
(CI). However, in order to make results more easily understandable, we 
sometimes only report median values of the posterior predictive distribution.  
To assess model fit, we fit linear models between daily median modeled sap 
flow (Js, in l·dm-2·day-1) and observed Js, and median modeled soil water content 
at 0.95 m depth(SWC, in mm)against observed SWC, obtained from linear 
extrapolation to 0.95 m depth the continuous measurement of SWC within the 
first 30 cm of the soil (CS616, Campbell Scientific sensor) during year 2012 (see 
Nadal-Sala et al. (2017b) for further details). Additionally, we ran a generalized 
additive model [R package "gam", Hastie, (2018)] between mean annual 
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transpiration and mean annual VPD during 2071-2100 period for the seven 
different RCP·GCM scenarios to compare the different responses of 
transpiration for black locust and European ash's stands to increases in 
atmospheric evaporative demand. 
All analyses were performed with R software (R Development Core Team, 
2008, Version 3.4.0). 
Table 6.1 | List of parameters calibrated for R. pseudoacacia and F. excelsior. Lower and upper 
boundaries for each uniform distribution are noted for each parameter. Leuning is the Leuning's 
constant, dimensionless, gsDO is an empirical constant of the Leuning model (Leuning, 1995) in 
kPa, that is inversely related to stomatal conductance responsiveness to VPD. SWCgs0 is the 
soil water content threshold below which stomatal conductance completely limited by SWC (in 
% of the water filled porosity), SWCgsmax is the upper threshold above which gs is not limited 
by SWC (in % of the water filled porosity).LAI_closed is the LAI in closed canopies (in m2·m-2). 
MinT and MaxT are the minimum and maximum temperatures for the Leinonen phenology 
model, in ºC; Inertia is the thermal inertia -i.e. the weight that past temperatures are affecting 
current phenological state- of the Leinonen model (Leinonen, 1997). Phreatic a is the fraction 
of fine roots in the phreatic layer, according to (Equation 6.1). Lambda is the exponential error 
rate parameter (Equation 6.3). 
R. pseudoacacia F. excelsior 
Parameters Lower Upper Lower Upper 
Leuning (dimensionless) 1.0 3.0 1.0 3.0 
gsDO (kPa) 1.5 2.0 1.5 2.0 
SWCgs0 (% WFP)  5.0 15.0 5.0 30.0 
SWCgsmax (% WFP)  45.0 55.0 40.0 80.0 
LAI_closed (m2·m-2) 2.5 3.5 2.5 4.5 
MinT (ºC) 12.0 14.0 8.0 12.0 
MaxT (ºC) 18.0 21.0 14.0 20.0 
Inertia  2.5 3.0 2.0 3.0 
Phreatic a (fraction) 0.1 0.35 Not included Not included 
Lambda 0.1 0.5 0.1 0.5 
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6.3 Results 
6.3.1 Bayesian inverse parameterization of the GOTILWA+ model 
The calibrated parameters for European ash and black locust differed mostly 
concerning phenology (i.e. Tmin, Tmax and Inertia) and water uptake from the 
phreatic compartment (Phreatic a, Table 6.2). Black locust obtained higher Tmax 
and Tmin parameter estimates than European ash. Additionally, estimated values 
of Phreatic a suggests that it is able to obtain water from the phreatic 
compartment, whereas European ash is not. Smaller differences were found for 
leaf area in closed forests, with slightly higher values for black locust than for 
European ash. Little or no differences were found for Leuning's model 
parameters, as well as for the sensitivity to soil water content decreases.  
 
In summary, European ash transpiration was found to be slightly more 
responsive to increases in VPD and decreases in SWC than black locust. 
However, the uncertainty contained in parameters determining tree species' 
responsiveness to drought lead to considerable uncertainty regarding 
performance under climate change, especially for European ash (see section 
6.3.3). 
There is a strong negative correlation between Leuning constant and gsDO in 
posterior parameter estimates (-0.70 in black locust and -0.48 in European ash, 
Table 6.2 | Posterior parameter estimates for Robinia pseudoacacia and Fraxinus excelsior, 
obtained from Bayesian calibration of GOTILWA+ against measured sap flow data in La font 
del Regàs stand (for parameter definitions, see Table 6.1). 
Robinia pseudoacacia Fraxinus excelsior 
Parameters 2.5% CI median 97.5% CI   2.5% CI Median 97.5% CI 
Leuning (unitless) 1.78 1.84 1.93 1.8 1.96 2.24 
gsDO (kPa) 1.67 1.91 2.00 1.51 1.75 1.99 
SWC_gs0 (% WHC) 5.2 9.0 14.4 5.6 16.9 28.8 
SWC_gsmax (% WHC) 45.2 48.1 54.3 41.0 59.6 79.2 
LAI_closed (m2·m-2) 3.1 3.2 3.2 2.5 2.9 3.6 
MinT (ºC) 12.2 13.0 13.7 8.0 8.0 8.1 
MaxT (ºC) 18.5 19.6 20.9 19.0 19.6 20.0 
Inertia 2.5 2.6 2.9 2.0 2.1 2.2 
Phreatic a (fraction) 0.10 0.10 0.12 - - - 
Lambda 0.11 0.28 0.49   0.11 0.30 0.49 
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see Figure 6.2), likely caused by the fact that both parameters enter the same 
equation of the Leuning model, but with opposite effects. Leuning himself 
(Leuning, 1995) already discussed this particularity of his model. Also, slight 
negative correlations in the posterior for Leuning's constant and LAI_closed are 
found (-0.24 and -0.28, for black locust and European ash, respectively, see 
Figure 6.2). Finally, a strong inverse correlation between MinT and MaxT, two 
parameters that perform in the same formula with inverse effects (Leinonen, 
1997), was observed for black locust (-0.86, Figure 6.2). 
 
Figure 6.2. Correlations >0.2 in the posterior distribution for Robinia pseudoacacia (left), 
and Fraxinus excelsior (right). For each parameter combination, bars represent marginal 
parameter distribution in the posterior, dots indicate dispersion between the two parameters 
compared, with an increasing density according to the "heat" color palette (blue < green < 
yellow < orange < red), and a smoothed correlation line. Correlation coefficients are noted 
within the white boxes. 
 
6.3.2 Model agreement with observed data 
Modeled Js values match well observed data for both tree species, both in 
their values and in their seasonal pattern (Figure 6.3). The model captures the 
pattern of earlier sap flow mobilization of European ash during early spring with 
slight sap flow reductions during summer, as well as a peak during mid-summer 
for black locust. It also projects a shorter vegetative period for black locust than 
for European ash in year 2012. Numerically, black locust Js was somewhat 
better predicted (R2 = 0.84, RMSE = 1.94) than European ash's (R2 = 0.63, 
RMSE = 2.29) after GOTILWA+ Bayesian inverse calibration. Furthermore, larger 
Chapter 6 | Projections of black locust and European ash growth under climate change 
284 
parameter uncertainty in European ash's posterior resulted in more uncertain 
daily Js predictions. 
 
Figure 6.3. Comparison between GOTILWA+ simulated sap flow values under observed 
climate data (l·dm-2·day-1,1k samples from the posterior) and observed values during year 
2012, for Robinia pseudoacacia (upper panel), and for Fraxinus excelsior (lower panel). 
Observed sap flow data (solid lines), median daily sap flow simulated values from 1k samples 
of the posterior (black dots), 10-90 % CI (grey polygons). Inner panels show the agreement 
between median sap flow values and observed values. Black solid line is the regression line, 
while grey dashed line is the 1:1 line. For each tree species least squares regression 
coefficients, spearman's correlations and RMSE are noted. ns = no significant; * = p<0.05; ** 
p<0.01; *** p<0.001. 
GOTILWA+ slightly overestimates soil water content (SWC, in mm) during 
late-spring to early-summer (Figure 6.4), while almost matched SWC 
observations from summer to late-autumn. The agreement with observations 
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was better for European ash (R2 = 0.84, RMSE = 18.6) than for black locust (R2 = 
0.77, RMSE = 24.1). 
 
Figure 6.4. Comparison between GOTILWA+ simulated soil water content (SWC, in mm) for 
both tree species (F. excelsior, blue, upper right panel; and R. pseudoacacia, red, lower right 
panel), and measured SWC in La font del Regàs stand, at 0.95 cm depth. In order to obtain 
SWC simulated data for each tree species, we sampled each posterior 1k times, and we then 
calculated the daily median value. In left plot, dots represent daily SWC data, while lines 
represent median daily SWC estimates for both tree species. Right panels indicate the 
goodness of fit between simulated median and observed values for both tree species. Black 
solid line is the regression line, while grey dashed line is the 1:1 line. For each tree species 
SWC, least squares regression coefficients, spearman's correlations and RMSE are noted. ns = 
no significant; * = p<0.05; ** p<0.01; *** p<0.001. 
 
Concerning phreatic water uptake, simulations resulted in median values of 
9.4 ± 1 % of black locust's transpiration supplied from the phreatic layer during 
year 2012 late-spring (DOY 151-180, Figure 6.5), that increased up to 17.4 ± 1% 
of transpiration during summer (DOY 241-270). During year 2012, simulated 
black locust phreatic water uptake reached values of 11.5 ± 3.7 % of 
transpiration. 
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Figure 6.5. Evolution of simulated fraction of transpiration obtained from the phreatic water 
table (mm·mm-1) during year 2012's vegetative period for black locust. Results were obtained 
from 1k samples of simulated posterior distribution. Median simulated values (solid black line) 
and 95% CI (shadowed area) are noted. 
 
Finally, simulated individual basal area increment (BAI, in cm2·tree-1·year-1) 
during year 2012 was 8.3 ± 0.4 (Mean ± SD) for black locust. This value falls 
within the range of 10.1 ± 2.1 reported by Nadal-Sala et al., (2017b). Similarly, 
simulated European ash's BAI of 7.6 ± 0.4 were also within the measured BAI of 









6.3.3 Growth and transpiration projections under climate change 
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Figure 6.6. Simulated annual gross primary production (GPP, in Mg·ha-1·year-1) for F. 
excelsior (upper plot) and R. pseudoacacia (lower plot), for the 2011-2100 period under 
different climate change scenarios. Thick solid lines and shadowed area represent predictive 
posterior distribution (PPD). RCP 00 is the baseline scenario, PPD = 1k. RCP 4.5 is the 
moderate climate change scenario, PPD = 3k, that integrates the following RCP·GCMs 
(RCP4.5-MPI, RCP4.5-HadGEM2 and RCP4.5-CM5A). RCP 8.5 is the extreme climate 
change scenario, PPD = 3k, that integrates the following RCP·GCMs (RCP8.5-MPI, RCP8.5-
HadGEM2 and RCP8.5-CM5A). Right violin plots (dots = median values; boxes = 1SD values; 
shadowed area = 95% CI area) indicate mean GPP for 2091-2100 period distributions for 
the different RCPs (3k simulations each, except for the RCP 00, with 1k samples) and the 
different RCP-GCMs (1k simulations each). 
 
Modeled gross primary production (GPP, in Mg·ha-1·year-1) was higher in 
European ash  than in black locust under current climate (RCP 00, Table 6.3). 
However, at increasing severity of climate change, GPP was projected to 
increase swifter for black locust (+27% in RCP 4.5, +70% in RCP 8.5) than for 
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European ash (+18% in RCP 4.5, +53% in RCP 8.5) during the 2071-2100 period. 
In addition, European ash's GPP performance under climate change was found 
to be more uncertain than black locust's one. Furthermore, in European ash 
parametric uncertainty in GPP estimates offsets GCM uncertainty in all RCP 
(Figure 6.6). 
 
Figure 6.7. Correlation between simulated mean annual transpiration (E, in mm·year-1) and 
mean annual vapor pressure deficit (D, in kPa) during 2071-2100 period for black locust (red 
crosses) and European ash (blue dots), for the seven climate scenarios considered. Shadowed 
area corresponds to estimates for a GAM analysis ("gam" package, mean ± 2 SE) between E 
and D, with a maximum of 2 degrees of freedom. Percent reduction in deviance respect to 
the null model was 81% in black locust and 5% in European ash. For both parameters, 
ANOVA of parametric effects was statistically significant (Fash = 95.1, Flocust = 25425, 
p<0.001, n=7000). 
Simulations suggested a slight increase in transpiration for European ash as 
the severity of climate change increases (E = +4% and +7% in RCP 4.5, RCP 
8.5, respectively, at 2071-2100 period, Table 5.3, Figure 6.7), with higher 
transpiration increases for black locust (E = +15% and +29% in RCP 4.5 and 
RCP 8.5, respectively). 
The different response of E and GPP of the two species translated into 
different changes in WUE, with higher projected WUE increases along the 21th 
century for European ash (WUE at 2071-2100 period = +13% and +43% for 
RCP 4.5 and RCP 8.5, respectively, Table 5.3) than for black locust (WUE at 
2071-2100 period = +11% and +36% for RCP 4.5 and RCP 8.5, respectively). 
Chapter 6 | Projections of black locust and European ash growth under climate change 
289 
Moreover, modeled results imply that phreatic water uptake will grow in 
importance for black locust under climate change, as the fraction of its annual 
total transpiration directly depending on the phreatic water reserve increased 
(PWU at RCP 00 during 2071-2100 = 11.6 % of total transpiration; RCP 4.5 = 
13.8 %; RCP 8.5 = 16 %). 
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Table 6.3 |Projections of photosynthetic and transpiration variables for the two tree species and the different climate change scenarios, averaged over the 2011-
2040 and the 2071-2100 simulation period. The variables are gross primary production (GPP, in Mg·ha-1·year-1), transpiration (E, in mm·year-1), water use efficiency 
(WUE, in gC·l-1), and length of the growth period (LGP, in days·year-1). Results were obtained by sampling 1k times the posterior for each RCP-GCM combination 
(Total = 7k simulations for each tree species). Values are given for each RCP-GCM combination (from 1k simulations), and for each RCP scenario (from 3k 
simulations, except for the RCP 00,1k simulations). Values are provided as median (5-95 % CI) after a Mann-Whitney non-parametric test. If CI does not differ from 
the mean minimum digit, CI are noted as +/- half of the smaller unity considered. 
   
GPP (Mg·ha-1·year-1) E (mm·year-1) WUE (gC·l-1) LGP (days·year-1) 






RCP 0.0   22.4 (22.2-22.6) 22.2 (22.0-22.5)   216.2 (214.4-218.0) 215.1 (212.8-217.7)   5.18 (5.17-5.18) 5.17 (5.16-5.18)   199 +/- 0.5  204 +/- 0.5 
RCP 4.5 Had 23.3 (23.1-23.4) 26.2 (26.0-26.5) 218.3 (216.6-220.0) 227.3 (225.4-229.2) 5.33 (5.32-5.34 5.76 (5.75-5.77) 206 +/- 0.5 237 +/- 0.5 
CM5A 23.2 (23.0-23.4) 25.6 (25.3-25.8) 217.4 (215.7-219.1) 216.9 (215.2-218.7) 5.34 (5.34-5.35) 5.89  (5.88-5.90) 203 +/- 0.5 220  +/- 0.5 
MPI 23.5 (23.3-23.7) 27.1 (26.9-27.4) 219.2 (217.4-220.1) 227.3 (225.4-229.1) 5.35 (5.34-5.36) 5.97 (5.96-5.98) 204 +/- 0.5 227 +/- 0.5 
Total 23.3 (23.2-23.4) 26.3 (26.1-26.4)   218.3 (217.3-219.3) 223.8 (222.7-224.8)   5.34 (5.34-5.35) 5.87 (5.87-5.88)   204 +/- 0.5 227 +/- 0.5 
RCP 8.5 Had 26.7 (26.5-26.9) 36.5 (36.2-36.8)   225.4 (223.9-227.0) 235.4 (233.9-236.8)   5.92 (5.91-5.93) 7.74 (7.73-7.76)   211 +/- 0.5 259 +/- 0.5 
CM5A 25.9 (25.7-26.0) 30.4 (30.2-30.7) 222.5 (220.9-224.1) 218.8 (217.3-220.4) 5.81 (5.80-5.82) 6.93 (6.92-6.95) 209 +/- 0.5 252 +/- 0.5 
MPI 26.0 (25.8-26.2) 35.2 (34.9-35.4) 222.3 (220.7-223.9) 233.1 (231.6-234.6) 5.84 (5.83-5.85) 7.53 (7.52-7.55) 208  +/- 0.5 250 +/- 0.5 
  Total 26.2 (26.0-26.3) 34.0 (33.9-34.2)   223.4 (222.5-224.3) 229.2 (228.3-230.1)   5.86 (5.85-5.86) 7.41 (7.40-7.42)   209 +/- 0.5 253 +/- 0.5 






RCP 0.0   20.3 (20.3-20.4) 20.0 (20.0-20.1) 197.9 (197.5-198.4) 196.6 (196.1-197.2) 5.13 +/- 0.005 5.09 +/- 0.005 173 +/- 0.5 173 +/- 0.5 
RCP 4.5 Had 21.7 (21.7-21.8) 27.3 (27.3-27.4)   207.2 (206.7-207.6) 245.8 (245.3-246.3)   5.24 +/- 0.005 5.56 +/- 0.005   180 (179-180) 202 (202-203) 
CM5A 21.3 (21.3-21.4) 24.7 (24.7-24.8) 202.0 (201.6-202.5) 218.1 (217.6-218.6) 5.28 +/- 0.005 5.68 +/- 0.005 176 +/- 0.5 186 +/- 0.5 
MPI 21.2 (21.2-21.3) 24.2 (24.1-24.3) 201.4 (200.9-201.9) 212.7 (212.2-213.2) 5.27 +/- 0.005 5.69 +/- 0.005 176 +/- 0.5 186 +/- 0.5 
Total 21.4 (21.4-21.5) 25.4 (25.4-25.5)   203.6 (203.3-203.9) 225.8 (225.1-226.4)   5.26 +/- 0.005 5.64 +/- 0.005   177 +/- 0.5 193 (192-193) 
RCP 8.5 Had 24.0 (23.9-24.0) 37.9 (37.8-37.9)   207.8 (207.4-208.2) 257.9 (257.5-258.2)   5.76 +/- 0.005 7.34 +/- 0.005   182 +/- 0.5 227 +/- 0.5 
CM5A 23.5 (23.4-23.6) 32.3 (32.1-32.4) 207.9 (207.4-208.3) 251.5 (251.0-252.1) 5.65 +/- 0.005 6.41 +/- 0.005 181 +/- 0.5 219  +/- 0.5 
MPI 23.4 (23.4-23.5) 34.6 (34.5-34.6) 205.8 (205.4-206.2) 246.2 (245.8-246.6) 5.69 +/- 0.005 7.01 +/- 0.005 180 +/- 0.5 217 +/- 0.5 
  Total 23.6 (23.6-23.7) 34.9 (34.8-35.0)   207.2 (206.9-207.4) 252.0 (251.6-252.3)   5.70 +/- 0.005 6.91 +/- 0.005   181 +/- 0.5 221 (220-221) 
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As temperature increases, both tree species increase the length of their 
growing season (LGP, in days·year-1, Table 6.3, Supplementary Material Figure 
SM6.1). However, when comparing E and GPP per day of the growing season, 
simulations suggest a decrease in E per day in European ash as climate change 
intensifies (RCP00 = 1.05 mm·day-1; RCP 4.5 = 0.98 mm·day-1; RCP 8.5 = 0.91 
mm·day-1), conversely, projections suggest an increase in GPP per day (RCP 00 = 
108 kg·ha-1·day-1; RCP 4.5 = 116 kg·ha-1·day-1; RCP 8.5 = 134 kg·ha-1·day-1). 
Contrastingly, black locust's simulations suggest a slight increase in E per day of 
growing season under climate change (RCP 00 = 1.13 mm·day-1; RCP 4.5 = 1.17 
mm·day-1; RCP 8.5 = 1.14 mm·day-1). Additionally, an increase of its GPP per day 
of growing season is also projected under climate change (RCP 00 = 115 kg·ha-
1·day-1; RCP 4.5 = 132 kg·ha-1·day-1; RCP 8.5 = 156 kg·ha-1·day-1). 
Finally, European ash's basal area per ha (BA, in m2·ha-1) is projected to be 
18.0 ± 6.8 m2·ha-1 at year 2100 and under RPC 0.0 (Figure 66.8). At increasing 
severity of climate change, median BA at 2100 increases for European ash (i.e. 
+10% in RCP 4.5, +58% in RCP 8.5). On the other hand, black locust's median 
BA at year 2100 reaches values of 26.5 ± 2.0 m2·ha-1. Additionally, black locust's 
BA increases its median BA at 2100 under climate change [+35% in RCP 4.5, 
77% in RCP 8.5]. It is noteworthy that the RCP8.5-GCM CM5A, the most 
extreme combination of RCP·GCM [P = -230.8 mm·year-1 (-34%), Tmean = 
+3.8 ºC (+26%) by the year 2100], consistently presents considerable lower 
median BA values for both tree species than other RCP 8.5·GCM combinations. 
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Figure 6.8. Simulated basal area (BA, in m2·ha-1) for F. excelsior (upper plot) and R. 
pseudoacacia (lower plot), for the 2011-2100 period under different climate change 
scenarios. Thick solid lines and shadowed area represent predictive posterior distribution, 
(PPD). RCP 00 is the baseline scenario, PPD = 1k. RCP 4.5 is the moderate climate change 
scenario, PPD = 3k, that integrates the following RCP·GCMs (RCP4.5-MPI, RCP4.5-
HadGEM2 and RCP4.5-CM5A). RCP 8.5 is the extreme climate change scenario, PPD = 3k, 
that integrates the following RCP·GCMs (RCP8.5-MPI, RCP8.5-HadGEM2 and RCP8.5-
CM5A, 1k simulations each). Right violin plots (dots = median values; boxes = 1SD values; 
shadowed area = 95% CI area) indicate BA at year 2100 distributions for the different RCPs 
(3k simulations each, except for the RCP 00, with 1k samples) and the different RCP-GCMs 
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6.4 Discussion 
We used Bayesian inference to calibrate GOTILWA+ process-based forest 
simulation model for European ash and black locust forest stands from "in situ" 
sap flow measurements. We then used the calibrated model to project the 
performance of the two separated tree species under seven different climate 
change scenarios along 21th century in the La font del Regàs stand. Our results 
suggest that black locust growth would benefit more than European ash under 
all considered climate change scenarios, due to productivity gains driven by 
increasing atmospheric CO2 concentration and an enlargement of its vegetative 
period (Table 6.3, Figures 6.6 and 6.8). 
6.4.1 Parameter estimation and validation of model projections 
The Bayesian calibration reduced uncertainty on model parameters, albeit to 
varying degree. For instance, the parameterization of the simple ecodormancy 
Leinonen model (Leinonen, 1997) provided realistic estimates about the 
differences in the start of the vegetative period between European ash and 
black locust during year 2012 (Nadal-Sala et al., 2017b, Figure 6.3). Consistently, 
a reduced vegetative period for black locust compared to autochthonous tree 
species in three central Spain stands under current climate was already observed 
by Medina-Villar et al., (2015). 
Estimated transpiration for both black locust (178 ± 5 mm) and ash tree (217 
± 22 mm) stands matched well with observed values of transpiration (211 mm) 
during 2012 growing season (Nadal-Sala et al., 2017b). Also, simulated mean LAI 
values during August 2012 (3.2 ± 0.06 and 3.0 ± 0.26 for black locust stand and 
European ash stand, respectively) are close to "in situ" measured LAI of about 3.5 
m2·m-2 (Poblador, 2018).  
Moreover, calibration determined slightly higher Leuning constant and gsDO 
in European ash than in black locust, which fits to reports of the European ash's 
transpiration being highly responsive to VPD increases (e.g. Köcher et al., 2009; 
Nadal-Sala et al., 2013), possibly an adaptive trait of this tree species located in 
the southernmost border of its distribution, thus minimizing its water loss at high 
evaporative demands by strong stomatal regulation (Marigo et al., 2000). 
Observed 2012 summer reductions in transpiration due to reduced soil water 
availability were adequately captured by GOTILWA+ simulations. "In situ" sap 
flow measurements showed that ash tree's Js was limited when SWC < 0.08 
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gH2O·gsoil
-1 in La font del Regàs stand (Nadal-Sala et al., 2017b). Moreover, 
European ash transpiration is described to be highly responsive to decreases in 
soil water availability (e.g. Marigo et al., 2000; Lemoine et al., 2001; Medlyn et 
al., 2001; Grassi and Magnani, 2005; Zhou et al., 2014). However, marginal 
posterior distribution for parameters related to European ash responsiveness to 
drought were extremely wide, which forwarded into elevated parameter 
uncertainty in our model projections. We attribute this elevated uncertainty to 
the low amount of data available to calibrate European ash tree's response to 
drought. Besides, elevated daily mid-spring transpiration rates observed in 
European ash stand (DOY 150-180 median = 1.4 mm·day-1), together with no 
SWC recharge through rain input, converged to swift soil water depletion 
independently of parameter combination for European ash responsiveness to 
drought, which may have increased the uncertainty within our parameter 
estimates. 
Conversely, no response to reduced SWC was observed for black locust in 
the field nor in the simulations. Although being consistent with observations 
(Figure 6.3), that fact translated into high uncertainty in marginal posterior 
distribution estimates for parameters related to black locust responsiveness to 
drought.  
Finally, both tree species overestimate SWC values during early-spring (Figure 
6.4). SWC observations include early-spring SWC depletion driven by 
understory transpiration before bud burst and tree leaf expansion, when 
radiation reaches the understory layer (e.g. Loustau and Cochard, 1991; Dubbert 
et al., 2014). GOTILWA+ simulations only accounted for tree layer transpiration, 
so the effect of understory to overall transpiration was not accounted. 
Accordingly, the fit of simulations to observed SWC improved notoriously for 
both tree species during summer and autumn, when forest canopies were 
completely closed and evapotranspiration occurred mostly at the canopy level. 
6.4.2 Black locust and European ash's responses to climate change 
Increases in atmospheric CO2 are projected to globally enhance forest 
productivity (e.g. Field et al., 1995; Norby et al., 2005; Keenan et al., 2013). 
Furthermore, increases in temperature are projected to be beneficial to black 
locust growth and expansion (e.g. Kleinbauer et al, 2010; Dydersky et al., 2018). 
In our study, considered increases in temperature and atmospheric CO2 
concentration for all climate change scenarios implied a fertilizing effect in 
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photosynthesis, that translated in increases in both annual photosynthesis and 
stand BA stocking capacity (Figures 6.6 and 6.8, respectively), for both black 
locust and European ash. This trend was maintained in all climate change 
scenarios except the extreme RCP 8.5-HadGEM2 (Figure 6.8, Table 6.3). 
According to increases in evaporative demand, tree transpiration also 
augmented for both tree species stands at increasing climate change severity, 
although sensitivity of European ash's transpiration to increasing VPD and 
reducing soil water availability was higher (Figure 6.7). This indicates a stronger 
water limitation on European ash transpiration at increasing climate change 
severity, either by low soil water availability or by increased VPD. Contrastingly, 
black locust presents a more profligate water use strategy at increasing climate 
change severity. Yet, this profligate water management of black locust is mostly 
explained by its ability to mobilize water from groundwater level (see below).  
In addition, sharper WUE increases for European ash (Table 6.3) might be 
indicative of a more conservative water management strategy of this tree 
species as aridness increases. Similarly, increases in WUE in other water-limited 
tree species have already been reported (e.g. Yu et al., 2008; Drake et al., 2017; 
Salazar-Tortosa et al., 2018). Considering that European ash's population is 
currently growing at the southernmost border of its European distribution in the 
La font del Regàs stand, and its inability to obtain water from other sources 
rather than vadose soil layer (Poblador, 2018), even in comparable humid 
environments such as the Rhoyne river floodplain (e.g. Sánchez-Pérez et al., 
2008; Singer et al., 2014; Sargeant and Singer, 2016), our results suggest that 
this tree species endurance might be threatened in La font del Regàs stand 
under worst-case climate change scenarios. Furthermore, additional research 
should be focused in Mediterranean riparian tree species' responses to climate 
change. Especially, comparative analysis of different Fraxinus species with 
contrasting geographic distributions due to differences in optimal temperatures 
(e.g. F. excelsior and F. angustifolia), may enlighten how climate change would 
impact riparian forest community, and which tree species are better adapted to 
withstand its impacts. 
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6.4.3 The adaptive facultative-phreatophytic behavior of black locust 
Our simulations indicate that black locust trees mobilized a median of ca. 
~10% of its daily transpiration from underground flow during spring and autumn, 
under elevated SWC (Figure 6.5). However, underground flow water uptake 
increased for black locust up to almost a ~20% of daily transpiration during dry 
season, which indicates an increasing importance of phreatic water availability as 
soil dries in order for black locust to maintain its transpiration (Figure 6.5). By "in 
situ" isotopic partitioning of black locust's wood water sources, Poblador (2018) 
already described that during summer black locust almost doubles the amount of 
water extracted from the phreatic compartment.  
At increasing severe climate change conditions, the ability to mobilize water 
from underground flow will become more and more crucial for black locust, as it 
will increase its dependence on underground flow to maintain its profligate 
water use in La font del Regàs stand and in comparable humid Mediterranean 
environments. On the other hand, European ash's water uptake has been 
described to be closely related to unsaturated soil SWC (e.g. Sánchez-Pérez et 
al., 2008; Singer et al., 2014). Moreover, Poblador (2018) reports close to zero 
phreatic water uptake for European ash trees in La font del Regàs stand. So, 
under future drier soil conditions, we should expect that European ash 
performance will become more limited by soil water availability. 
6.4.4 Projected growth performance for black locust and European ash 
Our results suggest that global warming and increasing atmospheric CO2 
concentration will enhance black locust growth performance in Mediterranean 
riparian forests. We identified as the main reason for this increase the lengthen 
of black locust vegetative period, combined with an increase on its mean daily 
GPP (see Results section 6.3.3). This fits with the fact that black locust potential 
distribution has been identified to be temperature-limited in moist environments 
across Europe (e.g. Kleinbauer et al., 2010; Gassó et al., 2012; Vítková et al., 
2017; Dydersky et al., 2018). Additionally, advances of tree leaf unfold in many 
deciduous tree species all across Europe have been previously reported (e.g. 
Carnicer et al., 2011; Bigler and Bugmann, 2018). Also, our findings of increased 
growth for black locust under climate change are consistent with the ones 
reported by Dydersky et al., (2018), who classified black locust as a "winner" tree 
species under RCP4.5 and RCP8.5 climate change scenarios. Similarly, Vilà et al 
(2012) also projected an increase in black locust potential distribution in Iberian 
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Peninsula as temperature rises. On the other hand, Dydersky et al., (2018) also 
classified European ash also as a "winner" tree species in the Nord-Eastern 
Iberian Peninsula, even accounting that it is currently growing at its 
southernmost distribution margin. This may be generally so considering the high 
degree of uncertainty associated with European ash's projections. However, our 
results indicate that black locust would likely benefit more than European ash 
from climate change in NE Spain. 
6.4.5 Forest management implications of black locust growth enhancement. 
Once black locust has established, it is difficult and expensive to remove 
through forest management (Andreu et al., 2009). A known weakness of black 
locust, however, is that it doesn't regenerate well under closed canopies (Boring 
and Swank, 1984). For example, it naturally disappeared in an Italian forest 
(Motta et al., 2009) when closed canopies suppressed black locust regeneration. 
Based on our results, which suggest an increasing growth potential of black 
locust under climate change, we suggest to avoid the establishment of black 
locust in the first place, both by not using it in plantations, and by avoiding 
thinning or clear-cutting techniques that would open up gaps in the canopy that 
favor black locust establishment (e.g. Kurokochi et al., 2010; Kraszkiewicz, 2013; 
Radke et al., 2013; Vitková et al., 2017). Aggressive management practices in the 
surroundings of Mediterranean streams, for instance fast-rotation poplar 
plantations for paper pulp extraction, should also be limited. Those management 
practices leave wide open environments after clear-cutting, environments that 
are ready for black locust to establish and proliferate. 
6.4.6 Applicability and limitations of the model 
A limitation of the present study is that the observed data used to calibrate 
GOTILWA+ model were obtained for only one year, and it didn't contain a 
situation where black locust had to deal with a serious water deficit during 
summer. Drought-tolerant behavior has been described for black locust when 
this tree species is not connected to underground flow (e.g. De Gomez and 
Wagner, 2001; Mantovani et al., 2014; Mozer et al., 2016). The absence of 
calibration data on this behavior makes it difficult for us to evaluate the ability of 
our model to properly reproduce responses of black locust's productivity under 
water limitation, or in scenarios where phreatic water table would not be 
reachable. 
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Another assumption of the present work is that physiology, in particular GPP, 
is a good proxy for fitness, population growth, and range dynamics of a species. 
In general, it is reasonable to assume that a species that increases its 
productivity compared to a competitor would be able to translate this into 
population growth and an expansion of its distribution, but there are a wide 
range of biotic and abiotic stressors that could limit tree species growth despite 
gains in productivity [e.g. photosynthesis acclimation to changes in growth 
temperature or growth CO2 concentration (see Ryan et al., 1991; Crous et al., 
2011; Ellsworth et al., 2017; Kumarathunge et al., 2018; Reich et al., 2018), 
changes in pests and pathogens disturbance regimes (eg. Raffa et al., 2005; Seidl 
et al., 2017), seed dispersal capacity, regeneration potential, or inter-specific 
interactions (e.g. Caplat et al., 2008; Oliver et al., 2015; Serra-Díaz et al., 2015)]. 
On the other hand, nitrogen availability has been described to limit CO2 
fertilizing effect on photosynthesis in several FACE experiments (e.g. Nowak et 
al., 2004; McCarthy et al., 2010). Being black locust a N-fixing tree species, we 
hypothesize that if photosynthesis down-regulation was taken into account, 
black locust would still profit more than European ash from increases in 
atmospheric CO2 due to a higher N availability. 
We therefore interpret our results as an evidence about a better growth 
performance of black locust compared to European ash under climate change, 
however, with considerable uncertainty due to other biotic and abiotic processes 
not accounted in GOTILWA+ model. This non-accounted processes could 
modify specific growth performances for the two tree species when cohabiting 
in the same environment, so further analysis should be required to understand 
how inter-specific interactions would affect the results here presented. 
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6.5 Conclusions 
Our results suggest that black locust would profit more strongly from climate 
change than the native European ash. The reasons are a combination of an 
extended vegetative period under climate change, together with an increase in 
daily photosynthetic carbon uptake. We also found that black locust 
performance in La font del Regàs stand is closely linked to its ability to obtain 
water from the phreatic water compartment. However, our findings of enhanced 
black locust growth under climate change are likely only valid if underground 
flow is kept accessible for this tree species. Oh the other hand, European ash's 
responses to climate change are more uncertain, mainly because increased [CO2] 
and enlarged LGP beneficial effects are projected to be offset by reduced water 
availability for this tree species during a longer fraction of its vegetative period. 
We therefore conclude that reductions in soil water availability would present a 
more negative impact on European ash growth than in black locust, as European 
ash's is more dependent on unsaturated soil water availability. 
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6.8. Supplementary material 
 
 
Figure SM6.1. 10-years mobile mean of simulated length of the growth season (LGP, in 
days·year-1) for Black locust (left) and Ash tree (right), for the 2011-2100 period under three 
different climate change scenarios. Thick solid lines and shadowed area represent predictive 
posterior distribution, (PPD), for each RCP, and they represent mean ± 1SD values. 
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Supplementary Material Table SM6.1 | Photosynthetic and structural parameters used for F. excelsior and R. pseudoacacia GOTILWA+ simulation. 
Parameters are as follows (reference values for all photosynthetic constants = 25ºC): Vcmax is the maximum carboxilation velocity; Jmax is the 
maximum electron transport rate; Rd is the leaf dark respiration; Ko and Kc are the Michaelis-Menten constants for O2 and CO2 according to Farquhar 
et al., (1980); * is the CO2 compensation point at 25 ºC. Ha are the activation energies for Ko, Kc and *, respectively; Wood is the wood density; a 
biomass and b biomass are the a and b coefficients for the allometric regression: ABM = ln(a)+ln(b)·DBH, used to compute initial stand aboveground 
biomass (ABM, in kg), from the initial diameter at breast height (DBH, in cm); a bark and b bark are the a and b coefficients for the allometric regression: 
BT = ln(a)+ln(b)·DBH, used to compute the bark thickness (BT, in mm) from DBH; ABM/BBM is the carbon allocation fraction to belowground biomass 
(BBM, in kg) with respect to the ABM; FRB is the fine roots biomass per square meter. "Adapted from" indicates that the source of information has been 
modified according to "in situ" measurements and/or observations. 
Parameter Units F. excelsior Source R. pseudoacacia Source 
Vcmax mol·m-2·s-1 76.3 Adapted from Kattge and Knorr, (2007) 66.7 "In situ" Sperlich (Unpublished data) 
Jmax mol·m-2·s-1 140 Adapted from Kattge and Knorr, (2007) 97.6 "In situ" Sperlich (Unpublished data) 
Rd mol·m-2·s-1 1.1 Adapted from Kattge and Knorr, (2007) 0.7 "In situ" Sperlich (Unpublished data) 
Ko mmol·mol-1 248 Bernacchi et al., (2001) 248 Bernacchi et al., (2001) 
Kc mol·mol-1 404 Bernacchi et al., (2001) 404 Bernacchi et al., (2001) 
 * mol ·mol-1 42.2 Bernacchi et al., (2001) 42.2 Bernacchi et al., (2001) 
Ha Ko kJ·mol
-1 36 Bernacchi et al., (2001) 36 Bernacchi et al., (2001) 
Ha Kc kJ·mol
-1 79 Bernacchi et al., (2001) 79 Bernacchi et al., (2001) 
Ha  * kJ·mol
-1 37 Bernacchi et al., (2001) 37 Bernacchi et al., (2001) 
Wood g·cm-3 0.68 IEFC (Gracia et al., 2004) 0.74 Adamopoulos et al., 2007 
a biomass Unitless 0.085 IEFC (Gracia et al., 2004) 0.078 IEFC (Gracia et al., 2004) 
b biomass Unitless 2.39 IEFC (Gracia et al., 2004) 2.24 IEFC (Gracia et al., 2004) 
a bark Unitless 0.049 IEFC (Gracia et al., 2004) 0.058 IEFC (Gracia et al., 2004) 
b bark Unitless 0.92 IEFC (Gracia et al., 2004) 0.96 IEFC (Gracia et al., 2004) 
BBM/ABM Fraction 0.2 "In situ" observations 0.4 "In situ" observations 
FRB g·m-2 50 Adapted from (Gracia et al., 2004) 60 Adapted from (Gracia et al., 2004) 
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7.1 Results summary 
This thesis aims to analyze some of the impacts of global warming upon sub-
humid forests growing in semi-arid environments, for which climate change 
projections are an increase in aridity along the 21th century. In order to do so, 
we firstly reviewed the ecophysiological processes occurring in Mediterranean 
forests, and the expected impacts of ongoing climate change upon them 
(Chapter 1). Mediterranean forests ecophysiology is closer to forests growing in 
semi-arid environments than to forests growing in sub-humid environments. 
However, provided that there is projected an increase in aridity along the 21th 
century (e.g. IPCC, 2013; Vautard et al., 2014; Webb and Hennessy, 2015; 
Lionello and Scarascia, 2018; Figure 7.1), forests studied in this thesis are going 
to face environmental pressures similar to those from the semi-arid 
surroundings, from which Mediterranean forests are a paradigmatic example. 
This will certainly have an impact on their carbon and water balances. 
 
Figure 7.1. Characterization of the two studied stands (green) considering site precipitation 
(P, in mm·year-1) and potential evapotranspiration (PET, in mm·year-1), according to UNEP, 
(1992) humidity zone ranges. Observed 1991-2010 climate values were noted in green 
(blue) for the stands considered in the present thesis (a sample of stands including four 
EUROFLUX stand climates -Hyytiala, Peitz, Collelongo and Soro; dots- and three Spanish 
climates -Barcelona, Poblet and Bilbao; squares-). Projected worst-case climate change 
scenario for each stand [RCP 8.5 from IPCC (2013)] is noted in orange (red). Climate change 
scenarios obtained from: ISIMIP project projections (Warszawski et al., 2014) for 
EUROFLUX stands, AEMET (http://www.aemet.es) projections for Spanish stands, and Webb 
and Hennessy, (2015) projections for Sydney for the Australian stand. 
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Long-term monitoring of entire stands growing under experimentally induced 
eCa conditions -i.e. in Free Air Carbon Enrichment (FACE) experiments (e.g. 
Hendrey et al., 1999; Long et al., 2004; Ainsworth and Long, 2005; Norby and 
Zak, 2011)- is expensive and time-consuming (Luo et al., 2011), and makes 
anticipation to future climate conditions through forest management 
challenging. On the other hand, measurement of single-trees growing in 
experimentally-modified growth conditions (e.g. increased Ca, increased 
temperature, dry-down experiments), either in pot experiments (e.g. Ghannoum, 
2010a; Zhou et al., 2014), or in Whole Tree Chamber or common garden 
experiments (e.g. Barton et al., 2010; Hänninen et al., 2018), is cheaper and 
faster, but often it is unrealistic to extrapolate single-tree responses to the more 
complex dynamics occurring in mature forest stands with closed canopies and 
competing root systems (Norby et al., 1999; Norby and Zak, 2011).  
Therefore, in order to project stand responses to future climate and 
management conditions, it is necessary to translate complex slow-growing forest 
systems into their simplified mathematical descriptions, which allow forest 
growth and biochemical cycles to be reproduced iteratively through 
computation -i.e. through forest growth simulation models-. This "pocket 
forests" should allow us to anticipate the trend of real forest responses to 
different environmental drivers in a reasonable time frame, providing a number 
of assumptions about forest ecophysiology under such environmental driver 
changes (e.g. Fontes et al., 2010; Medlyn et al., 2011; Houlahan et al., 2017). In 
Chapter 2 and Chapter 3 we described and exemplified the GOTILWA+ process-
based forest simulation model, and the RheaG Weather Generator Algorithm, 
the former being the model developed by the team behind this thesis, which has 
been used to anticipate sub-humid forest responses to climate change, and the 
latter being the algorithm developed to generate statistically robust 
meteorological time-series under transient climate from previous meteorological 
observations. 
Besides process development, key elements to run any kind of simulation 
model are the parameters that will drive the simulations. Often, models require 
parameters that imply an elevated measuring effort and/or high economical 
investment to be obtained (e.g. sapwood inactivation, belowground carbon 
allocation, deep soil water uptake), or even parameters that are impossible to 
obtain directly in field conditions (e.g. Hartig et al., 2012; Lagarrigues et al., 
2015). Therefore, it is crucial to implement quantitative statistical 
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parameterization methods, based on the likelihood of model outputs in 
reproducing field observations. That is, providing a given "a priori" parameter 
distribution guess (e.g. Ellison, 2004; Van Oijen et al, 2005; Hartig, 2014; see 
Hartig et al., 2011 for a review), obtain the "posterior" parameter distribution 
estimate to be used by simulation models. Posterior distributions therefore 
result from updating our initial "a priori" parameter distribution guesses with 
observations, which are often limited in numbers (Dietze, 2017). Posterior 
distributions can then be easily used as the new prior distributions when more 
observations become available. This allows a progressive model improvement as 
parameter uncertainty is reduced (Hartig et al., 2012; Dietze et al., 2018). 
In this thesis we parameterized GOTILWA+ model through Bayesian model 
inversion for three tree species growing in two different stands. In Chapter 4, we 
used photosynthesis observations from Australian Sydney blue gum (Eucalyptus 
saligna Sm.) saplings growing at ambient and elevated CO2 to calibrate 
GOTILWA+ model, to evaluate eucalypt sensitivity to several environmental 
drivers that are expected to change under climate change. Then, answering 
recent calls about the need of exhaustive calibration/validation procedures 
when modeling tree growth (e.g. Medlyn et al., 2016), we exhaustively validated 
model outputs by comparing them with field observations, from the very 
physiological photosynthetic level to the whole stand growth under different 
water availability regimes. Once validated, we used GOTILWA+ model to 
anticipate an E. saligna plantation responses to different environmental drivers. 
Our results suggest that E. saligna responses to climate change will be mostly 
driven by CO2 increases (eCO2), which would lead to an enhancement of 
eucalypt growth and productivity, with little changes in stand transpiration. 
However, increases in atmospheric vapor pressure (D) and reductions of water 
availability would partially offset eCO2 fertilization effect on E. saligna growth. 
Similarly, field observations of growth and water use provided in Chapter 5 
for black locust (Robinia pseudoacacia L.) growing in a four-species mixed 
Mediterranean riparian forest were used in Chapter 6 to calibrate GOTILWA+ 
model, in order to evaluate the response of this facultative-phreatophytic 
invasive tree species to global warming. We compared its response to climate 
change with the one presented by the co-occurring boreal-origin European ash 
(Fraxinus excelxior L.), which in contrast is strictly non-phreatophitic, and in the 
La Font del Regàs is currently growing at its southernmost distribution edge. We 
found that black locust growth is projected to be enhanced by rising CO2 and 
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the increase in temperatures, that will lengthen its growing season. This will 
likely increase black locust invasiveness in such ecosystems. Additionally, our 
results suggest reductions of stand water yield, and increases of phreatic water 
uptake by black locust due to transpiration increases. This may result in 
reductions on water availability for the society and ecosystems downstream. On 
the other hand, European ash's responses to climate change, although slightly 
positive, are highly uncertain. Our results suggest that parametric uncertainty 
offsets almost entirely climate scenario uncertainty in our projections. This rises 
the need for further effort in European ash's monitoring to obtain a larger 
dataset to reduce parameter uncertainty. Our results suggest that, due to the 
fact that water availability for European ash is limited to unsaturated vadose soil 
layers, the response of this species to climate change will be determined by the 
contrasting effects of CO2 fertilization due to eCO2 and the physiological 
limitations due to reduced soil water availability. It is therefore likely that 
reductions of soil water availability caused by reductions in precipitation will 
become increasingly limiting for European ash's, even in Mediterranean riparian 
water-enriched environments. 
7.2 The role of water-enriched environments in water-demanding tree's growth 
Despite the differences between the two studied forest stands, mainly on 
evaporative demand,  our results suggest that the drought-tolerant behavior of 
both species -i.e. the E. saligna plantation in Richmond and the black locust 
population in La Font del Regàs- is mostly explained by their ability to shift their 
water sources from superficial to deep soil layers, as superficial soil layers 
progressively dries out. These results agree with previous observations of a 
deeper soil water uptake by water-demanding eucalypt tree species under 
drought stress (e.g. White et al., 2000; Zeppel et al., 2008; Laclau et al., 2013). 
Similarly, although black locust growth and transpiration have been reported to 
be strongly responsive to soil water availability when phreatic water uptake is 
not reachable (e.g. Mantovani et al., 2014; Mantovani et al., 2015; Ruehr et al., 
2015), we found no response to summer SWC depletion at the higher zones of 
the stand (phreatic water table depth ~ 1 m). Black locust has been observed to 
be able to mobilize water from the phreatic layer (Vitková et al., 2015), even at 
higher depths than 3.5 m (Móricz et al., 2016). Isotopic partitioning of tree water 
source in "La Font del Regàs" confirmed this trend (Poblador, 2018). 
By capturing the ability to shift from superficial to deeper water layers, our 
results evidenced that results from models assuming water uptake to be 
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restricted to the first layers of the soil would likely overestimate the impact of 
reduced precipitation on forest carbon balances (Humphrey et al., 2018). 
However, deep soil water sources are more difficult to measure and to model 
(e.g. Seneviratne et al., 2010 and references therein). Here we used a 
widespread empirical -model of drought limitation upon photosynthesis (e.g. 
Keenan et al., 2010; De Kauwe et al., 2015; Medlyn et al., 2016). These models 
are advantageous because they are relatively easy to calibrate, if measurements 
of soil water content were available. They rely on a reduced number of 
parameters, and they reproduce the impact of drought on photosynthesis and 
transpiration, similarly than the more complex physiologically-based models 
(Drake et al., 2017). On the other hand, -models are highly site-specific, with 
their coefficients being dependent on stand-specific root distribution and soil 
composition. Besides, they also may present reduced sensitivity to reductions of 
soil water availability if trees are able to shift their water resource into deep soil 
layers, which would lead to unrealistic high photosynthetic rates, even when the 
model suggests that soil has been almost water depleted (e.g. Drake et al.,  2017; 
Chapter 4). We solved this last issue with the inclusion of an  coefficient of 
water uptake from deeper soil layers. This approach provided good estimates of 
deep-water uptake for both black locust and E. saligna when compared with 
observations (Duursma et al., 2011; Poblador, 2018). The main drawback for  
coefficient inclusion is that it is also site-specific, as we hypothesize that it also 
depends on stand root distribution and water availability in deep soil. 
The importance of a water-enriched environment for relict populations of 
water-demanding drought-intolerant tree species was also pointed out by the 
presence of alder and poplar growing only by the riverside in La Font del Regàs 
stand. These two phreatophytic tree species are highly sensitive to drought 
stress (e.g. Eschembach and Kappen, 1999; Lambs et al., 2006; Claessens et al., 
2010; Singer et al., 2014;  Zhou et al., 2014), and their presence confirms the 
fact of Mediterranean riparian forests acting as vegetation shelters, either by 
allowing trees to directly access phreatic water table, either by maintaining high 
vadose soil water content during summer due to daily evaporation/condensation 
cycles and the lateral supply from the stream, in the immediate surroundings of 
the streambed (Figure 7.2a). Although we did not directly project black alder nor 
black poplar growth under climate change, we hypothesize that their response 
to global warming will be closely linked to possible reductions in river discharge, 
as well as to increases in phreatic table depth. If they occur, their growth in 
Mediterranean riparian forests may be endangered in the near future.  




Figure 7.2. Daily fluctuations of soil water content (SWC, in cm3·cm-3) in "La Font del Regàs" 
stand, averaged each quarter from the DOY 241-260 summer season period observations, 
for a) sensor measuring at 3 m distance of the riverside; and b) sensor measuring at the hill 
slope, at ~ 10 m distance of the riverside. Values are reported as mean ± 95% CI of 20 
observations. 
On the other hand, European ash tree is growing at its southernmost 
distribution range in La Font del Regàs stand. This tree species growth is highly 
sensitive to changes of soil water availability (e.g. Lemoine et al., 2001; Zhou et 
al., 2014). It exerts a strong control on its internal water potentials through thigh 
stomatal regulation, which may be an adaptive trait (Marigo et al., 2000) to avoid 
tree mortality by hydraulic failure (e.g. Martínez-Vilalta and Garcia-Forner, 2017; 
Choat et al., 2018). Nevertheless, it may imply growth limitations due to reduced 
photosynthesis during dry season (e.g. Kerr and Calahan, 2004), as it was 
observed to happen in the La Font del Regàs stand during the dry season of year 
2012. We therefore expect European ash's growth to be gradually more limited 
by increasing aridity under climate change, as its water source is limited to the 
unsaturated soil layers (e.g. Sánchez-Pérez et al., 2008; Singer et al., 2014). 
These layers are sensitive to changes in precipitation regime (Seneviratne et al., 
2010), on the other hand, see discussion below about the fertilizing effect of 
increased atmospheric CO2. Furthermore, in La Font del Regàs stand, European 
ash grows in the hill slope, where vadose soil water content is not recharged 
daily with water from the river stream during summer, and therefore it lacks 
observed daily cycles of SWC refilling due to stream influence that occur by the 
riverside (Figure 7.2b).  
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7.3 Effects of climate change on stand productivity and transpiration 
In both stands, our projections suggest that climate change would result in an 
increase in GPP and stand stocking capacity, mostly driven by photosynthesis 
enhancement and water use efficiency increase due to rising atmospheric [CO2] 
(eCa), in accordance to previous reports (e.g. Norby et al., 2005; Ainsworth and 
Rogers, 2007; Keenan et al., 2013; Kelly et al., 2016; Kimball, 2016). In addition, 
in La Font del Regàs stand, increased Ca will combine with an extension of the 
growing season as temperature rises, which is in accordance to previous reports 
of advancement of leaf unfolding in Europe (e.g. Peñuelas et al., 2009; Carnicer 
et al., 2011; Bigler and Bugmann, 2018). It is also reported a larger amount of 
leaf area (LA, e.g. Taylor et al., 2001; De Kawe et al,, 2014; Zhu et al., 2016; 
Trancoso et al., 2017). All together would further enhance forest productivity. 
However, enlarging the growing season and increasing leaf area will also 
increase stand transpiration (e.g. Jackson et al., 2005; Figure 7.3), further for 
black locust than for European ash, due to the above-discussed ability of black 
locust to obtain water from the phreatic water table -from current 11% 
transpiration consisting of phreatic water to projected 17% under the extreme 
RCP 8.5 scenario-. However, it is still controversial if increases in transpiration 
due to higher LA and enlarged growing season will be counterbalanced by 
reduced stomatal conductance under elevated CO2, with evidences from model 
projections and observations being inconclusive (e.g. Swann et al., 2016; 
Trancoso et al., 2017; Gimeno et al., 2018; Kirschbaum and McMillan, 2018). 
On the other hand, reported productivity increases for La Font del Regàs 
stand under climate change should be considered as maximum values of 
productivity enhancement by rising temperatures and eCa. Our simulation setup 
did not account for processes of photosynthesis acclimation to growth 
temperature (e.g. Atkin and Tjoelker, 2003; Way et al., 2014; Kumarathunge et 
al., 2019), nor photosynthesis down-regulation due to reduced N and P 
availability, changes in mesophyll conductance at eCa, changes in leaf 
morphological traits, Rubisco gene suppression at elevated leaf NSC content, or 
limitations in nutrient and water uptake due to sub-optimal root distribution (e.g. 
Arp, 1991; Moore et al., 1999; Walker et al., 2014; Ellsworth et al., 2017; Wang 
et al., 2018). Should above-mentioned down-regulations occur, it is likely that 
they would limit further European ash than black locust, providing the ability of 
black locust to uptake atmospheric N2 due to the presence of the N2-fixing 
symbiont Rhizobium spp in its root nodules (e.g. Boring and Swank, 1984; 
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Olesniewicz and Thomas, 1999), and its ability to better acclimate its rooting 
depth depending on water and nutrient availability. 
 
Figure 7.3. Projected percent variation under climate change at years 2091-2100 (Mean ± 
SD), for different black locust and European ash's ecophysiological variables in the "La Font 
del Regàs" stand, compared with the baseline RCP 0.0 scenario. WUE is the canopy water 
use efficiency; TR is the canopy transpiration, LGP is the length of growing season, LAI is the 
leaf area index, GPP is the gross primary production and BA is the basal area. 
Projecting productivity and transpiration changes in the E. saligna plantation 
allowed us to evaluate the effects of eCa, increased vapor pressure deficit (D) 
and reduced soil water content, both independently and in combination. 
Responses to eCa were observed again to be the main driver for photosynthesis 
and biomass increases under all considered climate sensitivity scenarios. 
However, increases in D and reductions in water availability combined to reduce 
eCa fertilizing effect to about a half of the one expected when considering eCa 
alone. This is in agreement with previous observations of reduced tree growth 
and carbon uptake under low water availability (e.g. Barbeta and Peñuelas, 2017; 
Humphrey et al., 2018; Reich et al., 2018), and increased D (Novick et al., 2016; 
Sanginés de Carcer et al., 2018). Furthermore, our results help to consolidate D 
increases as a major driver to be considered when projecting climate change 
impacts on sub-humid forest productivity, as our projections suggest that its 
effects would be of a similar magnitude that the ones of a reduction in 
precipitation in those forests. Furthermore, D strongly reduces water use 
efficiency (e.g. Barton et al., 2012), as, for all being equal, transpiration increases 
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monotonically with D (Jarvis and McNaughton, 1986). Therefore it has the 
potential to offset any forest transpiration savings due to reduced gs at eCa.  
7.4 Will global warming enhance black locust growth in riparian forests? 
Our results support the idea of an enhancement of black locust growth under 
climate change, with higher spring temperatures enlarging its growing season 
and increasing its potential distribution range. This distribution expansion has 
already been projected using correlative distribution models trained from 
current distribution data (e.g. Gassó et al, 2009; Kleinbauer et al., 2010; Vilà et 
al., 2012; Dyderski et al., 2018). Our process-based approach provides a 
reasonable ecophysiological explanation for such an increase in black locust 
potential distribution, promoted by photosynthesis enhancement due to 
increased Ca, and an enlargement of its vegetative period due to rising 
temperatures.  
We hypothesize that its facultative-phreatophytic behavior, together with its 
N2-fixing capacity (Funk and Vitousek, 2007), will allow black locust to 
outcompete similar drought-avoiding tree species such as European ash. On the 
other hand, its tolerance to drought stress (e.g. Shan, 2003; Wang et al., 2007; 
Vitková et al., 2015) should allow black locust to outcompete co-occurring 
drought-intolerant tree species -such as black poplar and black alder-, as black 
locust would be more adaptive to the expected increase in aridity and severe 
drought frequency in the Mediterranean zone (IPCC, 2013). Accordingly, 
invasive tree species have been hypothesized to be less affected by extreme 
climate events than autochthonous vegetation (e.g. Hellmann et al., 2008; 
Godoy et al., 2011; Dullinger et al., 2017).  
In addition, the N2-fixing capacity in black locust root nodules is expected to 
be adaptive for this tree species under climate change, either by allowing its tree 
species to increase leaf [N], thus counterbalancing abovementioned 
photosynthesis down-regulation, either by allowing black locust trees to develop 
deeper roots to explore deeper soil water sources because of the absence of N 
limitation. Therefore, we project an increase in black locust transpiration in 
response to global warming, as a combination of an increase in its leaf area and 
an enlargement of its growing season, together with an increase in atmospheric 
evaporative demand. According to the shallowest depth possible principle, which 
states that tree root system is optimized to be as shallow as possible, providing a 
given soil water and nutrient availability (Schenk, 2008), we expect black locust 
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rooting depth to be more likely linked to water than to nutrient availability in 
Mediterranean riparian forests, and thus to be able to grow deeper under 
warmer and more arid conditions. As it has been previously stated, this may lead 
to a progressive depletion of deep soil water reservoirs (e.g. Schaepfer et al., 
2017; Trancoso et al., 2017), which in low-order Mediterranean streams may 
lead to severe impacts to society and ecosystems downstream, which are 
already limited by water availability. 
Despite its reported detrimental impacts on natural ecosystems in form of 
changes in soil stoichiometry (Castro-Diez et al., 2009; Rice et al., 2004; Medina-
Villar et al., 2015; Jin et al., 2016), reductions in stand -diversity (Tommasso et 
al., 2012), its elevated management costs (Andreu et al., 2009), and its fast 
expansion through moist Europe (Benesperi et al., 2012; Vitková et al., 2017), 
black locust population expansion though Europe is still mostly driven by 
anthropogenic action, either accidental action (e.g. Motta et al., 2009; Radke et 
al., 2013) or intentional action for ornamental purposes, wood extraction, energy 
production or soil erosion prevention (e.g. DeGomez and Wagner, 2001; 
Gruenewald et al., 2007; Redei et al., 2011; Kraszkiewicz, 2013; Straker et al., 
2015). One advantage, however, is that the shade-intolerant behavior of black 
locust imply that it does not regenerate well under closed canopies (e.g. Motta 
et al., 2009; Kurokochi et al., 2010). Therefore, maintaining closed canopies in 
riparian forests by avoiding intensive clear-cutting management practices nearby 
riparian streams, and selecting autochthonous drought-tolerant tree species 
instead of black locust for afforestation programs to prevent soil erosion, should 
difficult black locust establishment. If black locust establishes, our results 
suggest that black locust is more efficient in water use than co-occurring native 
tree species, and it presents the ability to easily shift its water source to adapt to 
a range of water availability conditions. Furthermore, our results suggest an 
enhancement of black locust growth under climate change. Therefore, it is very 
likely that the problem of black locust invasion in Mediterranean riparian forests, 
if not addressed through proper management practices, will aggravate next 
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7.5 General conclusions 
Chapter 1: 
- After reviewing a number of publications representative about both past and 
current research in Mediterranean forests' ecophysiology, we corroborate the 
historical observation of Mediterranean tree species being adapted to climate-
induced disturbances such as recurrent summer drought and forests fires. 
- Climate change projections agree in that increases in evaporative demand, 
reductions in precipitation, and changes in precipitation seasonality will result in 
an increase of aridity in the Mediterranean area during the next decades. 
- Rising atmospheric CO2 (Ca) will be the main driver of tree responses to 
climate change. However, in water-limited Mediterranean environments, further 
reductions in water availability may offset eCa fertilizing effect on productivity. 
- Recent evidences suggest that forest management may reduce competition for 
water resources among trees, as well as to increase stand resilience to forest 
fires. Is unlikely that management may reduce stand evapotranspiration. 
- Our review suggests that best management practices for Mediterranean 
forests should point towards enhance forest goods and services provision, 
increase their resilience to climate-induced disturbances such as drought and 
fire, and make forest management economically self-sustainable. 
Chapter 2: 
- Process-based forest simulations models such as GOTILWA+ are useful tools in 
order to anticipate climate change impacts on forest ecophysiology. 
- There is often a lack of information about model parameters. GOTILWA+ 
Bayesian inverse calibration allowed us to obtain a parameter distribution to run 
a model given i) the model itself, ii) an "a priori" knowledge of parameter 
distribution, and iii) a set of observations. 
- Forest productivity in semi-arid environments is sensitive to soil depth, which 
is still poorly characterized at a regional level. National Forest Inventories should 
include soil information at stand level, in order to reduce the uncertainty in the 
projections about carbon stock changes under climate change. 
 




- The RheaG weather generator generates meteorological time-series from 
previous observations by using a first-order Markovian transition probability 
matrix. Statistical properties of generated time-series match well observations. 
They also maintain the observed climate seasonality. 
- The Unconstrained procedure generates time-series that are closer to 
observations, whereas the Constrained procedure allows to maintain spatial and 
temporal autocorrelation between generated time-series. 
Chapter 4: 
- Rising Ca (eCa) will enhance E. saligna productivity and stand biomass stock. It 
will also increase its water use efficiency (WUE). 
- Increased D and reduced water availability may reduce the fertilizing effect of 
eCa to a half in E. saligna, both in terms of productivity and in terms of WUE. 
- The ability to mobilize water from deep soil water-saturated layers will 
ameliorate E. saligna responses to reduced rainfall. 
- Stand transpiration reductions due to gs responses to eCa are unlikely to offset 
transpiration increases due to higher D in E. saligna. Its annual transpiration 
amount will stay the same, or even show a slightly increase at the most extreme 
climate change scenarios. 
Chapter 5: 
- Even in water-enriched environments such as Mediterranean riparian forests, 
tree species distribution is determined by its water uptake strategy. 
- No response to 2012 summer drought was found for black alder, black poplar 
nor black locust in a Mediterranean riparian forest. 
-  European ash starts to grow and mobilize water earlier during spring, to take 
advantage of increased soil water availability. However, its growth and 
transpiration is limited during summer, when soil water availability decreases. 
- The invasive black locust is more efficient in water use than the other three co-
occurring autochthonous tree species. 
 




- Black locust has the ability to mobilize water from phreatic water table when 
vadose soil is depleted. 
- Increased temperatures will enlarge black locust vegetative period, thus 
increasing its productivity and transpiration. 
- As European ash's water uptake is limited to vadose soil layers, its growth 
under climate change will be increasingly limited by reductions in precipitation. 
- Increases in productivity and a larger vegetative period will imply that black 
locust will be benefited by global warming, and therefore it may increase its 






Take home message: 
- Besides their response to rising atmospheric CO2 concentration and to 
reductions in soil water availability, when modeling climate change impacts on 
sub-humid forests it is crucial to account for increases in vapor pressure deficit, 
as well as tree water uptake from water-enriched deep soil layers. 
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"I will remember what I was, I am sick of rope and chain. 
 I will remember my old strength and all my forest affairs. 
 I will not sell my back to man for a bundle of sugar-cane: 
 I will go out to my own kind, and the wood-folk in their lairs." 
 
Toomai of the elephants, Rudyard Kipling 
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a b s t r a c t
Mediterranean riparian zones act as vegetation shelters for several deciduous tree species at the edge of
their bioclimatic distribution, e.g. alder (Alnus glutinosa), black poplar (Populus nigra) or ash (Fraxinus
excelsior). Current global warming and human induced disturbances may worsen their growing condi-
tions. Under such circumstances, black locust (Robinia pseudoacacia) is outcompeting autochthonous tree
species. Here, we provide evidences of black locust better growth and water use performance than alder
and ash. We compare the temporal and spatial patterns of transpiration and the stem basal area incre-
ments of alder, black poplar, common ash and black locust, all of them co-occurring in a mixed riparian
Mediterranean forest. Black locust presented the lowest transpiration values per basal area unit
(4.0 mmm2growing season1). Although tree transpiration was mainly driven by energy availability
instead of water, ash transpiration was constrained by water availability at soil water contents below
0.08 cm3cm3. Black locust was the only tree species growing all over the water availability gradient pre-
sent in the study site, and it did not present any significant difference in sap flow values across this gra-
dient. Furthermore, black locust and black poplar were the species with higher growth-based water use
efficiency (5.4 gcm1m3 and 3.6 gcm1m3, respectively); ash and alder were the less efficient ones
(2.8 gcm1m3 and 1.9 gcm1m3respectively). The good performance of black locust is relevant to
understand its great successful invasion of Mediterranean riparian forests, particularly after human-
induced disturbances, as forest management.
 2017 Elsevier B.V. All rights reserved.
1. Introduction
Mediterranean riparian forests are natural refuges for boreal
and temperate origin’s tree species such as alder (Alnus glutinosa
(L.) Gaertn.), black poplar (Populus nigra L.) and ash (Fraxinus excel-
sior L.) (Holstein, 1984; Sanz et al., 2011). Due to their ecological
interest, those habitats have been provided with a special protec-
tion status by the Natura 2000 EU strategy (Natura 2000, 91E0).
However, many of them are located in the driest limit of their cur-
rent bioclimatic distribution. Climate projections in the Mediter-
ranean region show both a rainfall decrease and an atmospheric
evaporative demand increase, particularly during winter and sum-
mer seasons (Ruíz-Sinoga et al., 2011; IPCC, 2013; Vautard et al.,
2014). Periodical drought events, mainly in summer, are already
affecting the Mediterranean ecosystems (Bréda et al., 2006;
Vicente-Serrano, 2006; Lindner et al., 2010; García-Ruiz et al.,
2011). Riparian tree species in Mediterranean areas might experi-
ence important changes of water availability during their lifetime
(Otero et al., 2011; Singer et al., 2014; Sargeant and Singer,
2016). Those changes both in river discharge and soil saturated
water table height may imply vegetation changes in riparian for-
ests, and help invasive tree species to outcompete autochthonous
vegetation (Lite and Stromberg, 2006). In addition, climate change
conditions are expected to increase water stress periods in the
Mediterranean area (IPCC, 2013). Consequently, it may result in a
north pole-ward shift of the optimal growing conditions for broad-
leaved winter deciduous tree species. This is especially applicable
for riparian tree species because their biological processes require
high water availability (Scott et al., 1999; Snyder and Williams,
2000; Zhou et al., 2014). Furthermore, during typical Mediter-
ranean summers, i.e. dry and hot environmental conditions, tran-
spiration of some of these tree species is mostly supported by
their access to the riparian phreatic water table. However, if stream
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water flow decreases, the phreatic water table might descend
below the rooting depth, uncoupling the riparian trees from such
extra water. On the other hand, different tree species may experi-
ence drought differently, and consequently, present different
thresholds of drought-tolerance. For instance, wood structural
traits are important to understand tree species hydraulic conduc-
tivity. Ring-porous tree species, such as ash and black locust, are
in general frost and drought avoiders, with a greater potential
sap velocity than diffuse-porous ones. Conversely, diffuse-porous
ones, such as alder and black poplar, are less vulnerable to freezing
and support more negative xylem pressures before cavitation phe-
nomena occurs (Sperry et al., 1994).
In addition, human-induced disturbances in riparian areas, such
as wood extraction, facilitate the propagation of black locust,
which is invading moist forests all over the northern Mediter-
ranean basin area (Motta et al., 2009; Radtke et al., 2013). This tree
species was introduced in Europe during the 17th century. It has
been cultivated in well-watered environments for wood extraction
in moist Europe (DeGomez and Wagner, 2001; Gruenewald et al.,
2007; Redei et al., 2011), for energy generation (Kraszkiewicz,
2013), or soil erosion prevention (Straker et al., 2015). In spite of
all such possible uses, black locust is within the group of most
problematic invasive tree species in the Mediterranean. Its control
is costly and difficult, and black locust populations are currently
spreading over the south-eastern Mediterranean basin
(Capdevila-Argüelles et al., 2006; Gassó et al., 2009; Andreu
et al., 2009; Benesperi et al., 2012). Furthermore, according to cli-
mate change projections, black locust is projected to increase its
invasiveness (Kleinbauer et al., 2010; Gassó et al., 2012) and it is
detected as an important threat for the autochthonous Mediter-
ranean riparian forests dominated by alder.
In this study we monitored tree transpiration and stem basal
area increments over the year 2012 growing season of four co-
occurring tree species (alder, poplar, ash and black locust), in a
Mediterranean riparian forest. The aim of this study is to evaluate
growth and water use performance of these species, to better
understand how black locust succeeds in outcompeting the auto-
chthonous tree species. The growing conditions in the riparian for-
est studied area covered a wide temporal and spatial range of soil
water availability and atmospheric evaporative demand. Studying
both tree transpiration and stem basal area increments together
allows us to analyse the linkages and interdependencies of the
simultaneous responses of both processes to tree species’ water
use strategies (Hsiao and Acevedo, 1974).
We hypothesize that, in Mediterranean riparian forests, there is
no water limitation for growth and transpiration in the case of
species distributed by the river side, such as alder and black poplar,
well known as phreatophytic species (McVean, 1956; Allen et al.,
1999; Cox et al., 2005; Singer et al., 2013). On the other hand, we
expect water availability constraints on ash growth during
summer drought, due its non-phreatophytic behaviour (Sánchez-
Pérez et al., 2008; Singer et al., 2013). Since black locust is
distributed all over the water availability gradient, we expect both
no transpiration constraints and a better water use efficiency of
black locust trees, compared to autochthonous tree species. Finally,
we expect that alder would be less water use efficient than the
other tree species given that only grows by the riverside, where
no water limitations are expected to happen.
2. Material and methods
2.1. Site description
The study was conducted in Font del Regàs riparian forest,
located in the Montseny Natural Park, NE Spain (41500N, 2300E,
550 m.a.s.l.). This riparian forest is growing along the Riera d’Arbú-
cies stream, which has a permanent flow. In the experimental area
four tree species are present: alder (Alnus glutinosa (L.) Gaertn.),
black poplar (Populus nigra L.), ash (Fraxinus excelsior L.) and black
locust (Robinia pseudoacacia L.); hereafter referred as alder, poplar,
ash and black locust. Alder and poplar are mostly distributed
nearby the river, whereas ash trees are located further away, on
the hill-slope zone. Black locust trees are scattered over the study
area. Alder and poplar are known as phreatophytic species. They
also have diffuse-porous wood ring structure. Ash and black locust
are ring-porous wood species. Ash is described as a non-
phreatophytic tree species. Font del Regàs site is an example of
the discontinuous populations of these species, growing in the bor-
ders of fluvial streams and above wet soils that can be found in the
North-Eastern Iberian peninsula (Ginés, 2007).
About 25 years ago, as usually practiced in the region for this
forest type, the forest was managed by clear-cutting the riparian
tree species near the riverside. According to tree-ring core analysis
(unpublished data), black locust entered successfully after then.
This is consistent with its shade intolerance and known difficulties
to get established under closed canopies (Motta et al., 2009), as
well as with its ability to proliferate in the riparian forests all over
the Mediterranean basin favoured by frequent disturbances
(Kleinbauer et al., 2010; Radtke et al., 2013; Straker et al., 2015).
Alder individuals resprouted after management. Poplar, a fast
growing tree species often human-promoted in the Mediterranean
riparian zones of the area, was thereafter planted. Based on a pre-
vious botanical assessment in the area (Bernal et al., 2015), we des-
ignated this tree species as Populus nigra. Older individuals of ash
remained uncut, farther away from the riverside. At present, no
natural regeneration by seedlings has been observed for alder
and poplar. The riparian understory is formed by a shrub layer of
Corylus avellana L., Sambucus nigra L., and there is an important
abundance of the climbing vine Hedera helix L. There is also an
herbaceous stratum dominated by Anemone nemorosa L., Lamium
album L, Viola spp., Carex pendula L., and some other common ripar-
ian forbs, as well as the opportunist plants Urtica dioica L., and
Clematis flammula L.
The study plot covers about 150 m  26 m on both sides of the
Riera d’Arbúcies stream and stand characteristics are presented in
Table 1. According to a gradient of soil moisture, soil slope, dis-
tance from the stream channel, and distance from the phreatic
water table depth, the area was divided into three zones. The first
zone was located at the first four meters from the riverside, with
the presence of alder, poplar and black locust (0–4 m). The second
zone, at an intermediate distance (4–7 m) from the river stream,
had the presence of poplar and black locust, and the third zone,
located on the hill-slope zone (>7 m), had the presence of black
locust and ash (Fig. 1).
Field measurements were taken to cover the whole growing
season of year 2012 (from Day Of Year (DOY)106 to 306).
During 2012 vegetative period, the distance from the soil sur-
face to the phreatic water table level reached values of
0.62 ± 0.03 m, 1.31 ± 0.03 m, and 2.24 ± 0.04 m in the first,
the second and the third zones, respectively. During the studied
period, differences between maximum and minimum groundwater
level were <0.2 m in all riparian zones (Poblador, unpublished
data). Groundwater level oscillations were registered every
15 min using water pressure transducers (HOBO U20-001-04)
installed in slotted PVC wells.
2.2. Meteorological and soil water content data
Meteorological data were recorded in a meteorological station,
located at ca. 800 m distance from the study site. Air temperature
and relative humidity, solar radiation, photosynthetic active radia-
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tion (PAR), solar heat flux, rainfall, and wind’s speed and direction
were installed at a height of 3 m and measured at 30-s intervals.
Data were stored as 15-min average in a data-logger (CR1000
Data-logger and AM16/32 Multiplexers, Campbell Scientific, Inc.,
Logan, UT, USA). Vapour pressure deficit (VPD) was obtained from
air temperature and relative humidity. The hourly potential evap-
otranspiration (PET, in mmh1) was calculated according to
Penman-Monteith equation following Allen et al. (1998). Aerody-
namic resistance coefficients were fixed according to Allen et al.
(1998). The psychometric constant was established at 0.064 kPa
C1 to account for the site elevation (ca. 500 m.a.s.l.). Soil heat flux
was fixed at 10% of solar heat flux. Gaps in the precipitation record
due to the pluviometer failure were filled by linear regression
between our meteorological station and Arbúcies’ meteorological
station (p < 0.01, R2 > 0.8), located at ca. 3 km distance within the
same valley. Daily potential evapotranspiration, precipitation,
and maximum and minimum temperatures during sampling per-
iod are shown in Fig. 2. Mean annual rainfall and mean annual
temperature during 1980–2000 period were 924 mmyear1 and
11.8 C respectively (ACA, 2002).
The soil volumetric water content (SWC, cm3cm3) was mea-
sured integrating the first 30 cm of soil, using 3 sensors (CS616,
Campbell Scientific). Sensors were inserted following a perpendic-
ular direction from the river stream and located at ca. 3 m distance
one to each other. At the first zone there was a slight SWC values
reduction in summer, nevertheless SWC values mostly remained
around 0.41 cm3cm3 (maximum values: 0.58 cm3cm3 and min-
imum values: 0.36 cm3cm3). In the second zone, SWC values ran-
ged from 0.14 to 0.36 cm3cm3, with a mean value of
0.24 cm3cm3. There were steep decreases of SWC values in this
zone during summer. The third zone, the driest one, presented a
dramatic decrease of SWC during summer in the top soil layers.
There, SWC values decreased below 0.08 cm3cm3 during 66 sum-
mer days. Over the year, SWC values ranged from 0.06 to 0.29 cm3-
cm3, with a mean value of 0.16 cm3cm3 (Fig. 2).
2.3. Biometric measurements and determination of active sapwood
area
A forest inventory was performed in the experimental plot by
measuring and identifying each individual tree. Tree species diam-
eter at breast height (DBH, cm), tree height (h, m), the distance
from each tree to the stream bed (m), and the stand basal area
(AB, m2ha1) are summarized in Table 1.
Tree sapwood area (AS, cm2) is necessary to estimate the total
tree transpiration from sap flow measurements (Lu et al., 2004).
Table 1
Stand characteristics of Font del Regàs plot. DBH is diameter at breast height (cm), AS/AB is the ratio between tree sapwood area and tree basal area (m2m2) and mean distance
from the stream is the distance from each tree to the stream middle (m).
Alder Ash Poplar Black locust
Tree density (N, treesha1) 469 212 103 894
Mean DBH (cm)* 11.6 ± 0.5 7.1 ± 0.6 30.0 ± 1.8 17.6 ± 0.4
Basal area (AB, m2ha1) 5.7 1.1 7.7 23.3
Sapwood area (AS, m2ha1) 4.6 0.5 3.9 5.3
AS/AB (m2m2) 0.81 0.49 0.5 0.2
Height (m)* 15.9 ± 0.7 11.2 ± 0.6 28.1 ± 1.3 21.5 ± 0.5
Mean distance from the stream (m)* 3.3 ± 0.2 11.3 ± 0.9 4.8 ± 0.5 10.8 ± 0.6
* Mean ± standard error. Measurements: Alder, n = 26; ash, n = 29; poplar, n = 6; black locust, n = 112.
Fig. 1. Schematic representation of tree species distribution in the three water availability zones. The number of dendrometers (D) and the number of sap flow Thermal
Dissipation sensors (TD sensors) measuring the trees within each zone are also presented.
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AS was determined by conducting ‘‘in situ” dye injections into 5
random living trees for each tree species. First, a core was extracted
at 1 m height using a Pressler borer. Then 5 L of river water at 1%
eosin were passively injected into trunk’s hole during three hours
(Foulger, 1969). After that period, another core was extracted
20 cm above the first hole and active sapwood appeared red-
coloured. After measuring in the laboratory the core active sap-
wood, tree AS was estimated. Then, allometric equations were fit
for each tree species between AS and DBH. These equations were
applied to obtain AS estimations per species at stand level (see
Table 1 and Supplementary Material Table SM 1).
2.4. Sap flow measurements and scaling up from tree to stand
transpiration
Sap flow density per unit sapwood area (Js, in ldm2 day1) was
measured following Granier Thermal Dissipation (TD) method
(Granier, 1985, 1987) in 30 individuals (alder n = 7, poplar n = 6,
ash n = 5 and black locust n = 12, Fig. 1). Measures were taken
every 30 s, and the mean of intervals of 15 min were stored in a
data-logger (CR1000 Data-logger and AM16/32 Multiplexers,
Campbell Scientific, Inc., Logan, UT, USA). All self-made sensors
were covered with a reflective insulation to minimize changes in
temperature due to direct solar irradiation. Natural thermal gradi-
ents were corrected by using the periods in which only natural
thermal differences between probes were accounted. Nomore than
1% increase in instantaneous heath increment between proves due
to natural gradients was observed. To calculate daily maximum
difference of temperature between probes, we adapted our own
criteria based on Oishi et al. (2008): (1) PAR shall be less than
1 lmolm2s1, (2) VPD shall be lower than 0.1 kPa during eight
consecutive registers (2 h) and (3) standard deviation in the eight
last values of instantaneous heath increment must not exceed
the 0.5% of recorded mean value. Gaps in the register were filled
by extrapolating linear regression between the recorded Js values
for two sensors according to the following criteria: (a) only sensors
inserted in the same tree species and the same water availability
zone were compared, (b) regression coefficient (R2) between the
two sensors shall be higher than 0.8 during proper measuring peri-
ods and (c) only significant regressions were taken into account.
Daily tree transpiration Ec (lday1) was obtained by multiply-
ing Jsvalues by the corresponding tree sapwood area (AS). Daily
species transpiration (Ec, in mmday1), at stand level, was
obtained by multiplying the total stand AS for a given tree species,
by the mean Js of this tree species. The integration of the species
specific daily Ec then accounted for total tree stand transpiration.
2.5. Stem basal area increment (BAI) and growth-based water use
efficiencies (WUEBAI and WUEBAIq)
Automatic band dendrometers (DRL26, EMS Brno, Czech Repub-
lic) were used to monitor stem radius variations, registered at 15-
min intervals. Their accuracy is 1 lm over an adjusted range of
60 mmBAI (cm2year1) over the growing season was obtained
for 22 trees (black locust n = 9, alder n = 3, poplar n = 6 and ash
n = 4, Fig. 1), in which sap flow density was also measured. Accu-
mulated BAI was calculated at the end of the growing season,
avoiding the confounding short-term basal area increments that
could be due to newly built layers of woody cells or just changes
in water status of the stem – mainly bark’s water status changes
– (Zweifel et al., 2000; 2006). Growth-based water use efficiency
(WUEBAI, cm2m3) was then obtained by dividing the annual tree
BAI by the annual Ec of each individual tree, following Eq. (1).
WUEBAI ¼ BAI  E1c ð1Þ
where BAI is the basal area increment of a given tree over a growing
season (cm2growing season1) and Ec is the transpiration for a
given tree (m3growing season1). WUEBAIq, gcm1m3) was cal-
Fig. 2. Climate and soil measurements over 2012 period. Upper left panel: daily seasonal potential evapotranspiration (PET, in mmday1). Upper right panel: daily seasonal
precipitation (P, in mmday1). Lower panels, left: daily minimum (grey, discontinuous line) and maximum (black solid line) temperatures. Right: soil water content at first
30 cm of soil (SWC, in cm3cm3) for the three zones considered (zone 1: solid line; zone 2: discontinuous line; zone 3: dotted line. Shaded area represents the period in which
analysis on summer dry period tree responses were carried on.
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culated multiplying WUEBAI by the mean wood density of each tree
species. Considered wood densities were: ash 0.68 gcm3 (Gracia
et al., 2004), alder 0.49 gcm3 (Gracia et al., 2004; Claessens
et al., 2010), poplar 0.32 gcm3 (Pliura et al., 2005, 2007), and black
locust 0.75 gcm3 (Adamopoulos et al., 2007).
2.6. Statistical analysis
Statistical analyses were carried out using R Statistical software
(R Development Core Team, Version 2.12.0). Non-linear least
squares fitting analyses were run to obtain the relationship
between VPD and daily mean Js values for each tree species follow-
ing Eq. (2):
Js ¼ a  1 expðbVPDÞ
  ð2Þ
where Js is the daily sap flow density (ldm2day1), VPD is the
mean daily vapour pressure deficit (kPa) and a and b are empirical
parameters determined by non-linear fitting. Each model was visu-
ally checked for homoscedasticity and for normality of the
residuals.
We ran a Generalized Additive Model (GAM) to evaluate if the
residuals of the Eq. (2)are related to mean daily SWC, in that case
Js responses to VPD would be modulated by SWC. GAM analyses
were carried out with package ‘‘mgcv” (SimonWood, 2012, version
1.7-22). To test if there were differences in black locust Js among
the three zones, least square analysis comparing daily black locust
sap flow values between zones were done. We used r2 value to
account for correlation in black locust Js among zones. In addition,
one-way t-test was carried out to check that the slope of Js relation-
ships were not significantly different from 1. The null hypothesis
indicates no significant differences between zones. To test the dif-
ferences of WUEBAI and WUEBAIq, two-factor analysis of variance
(ANOVA) was run, with tree species and zones as categorical inde-
pendent factors. We visually checked for homoscedasticity and
normality of the residuals. After running the ANOVA test, a Tukey
HSD test was run to account for the true WUEBAI and WUEBAIq dif-
ferences between species. Throughout the manuscript, values are
given as mean ± standard error (SE).
3. Results
3.1. Sap flow density (Js) patterns over the growing season
Js (ldm2day1) dynamics over the growing season showed
seasonal differences between tree species. After leaf outbreak, all
tree species started to transpire. Ash, alder and poplar started
around DOY 110. Black locust started significantly 20 days later
than the others (N = 29, F = 44.18, p < 0.01) (Fig. 3). Ash reached
the maximum Js, value at late June (DOY 165, 16.9 ± 3.9 Ldm2-
day1), followed by poplar (DOY 198, 9.7 ± 1.8 Ldm2day1),
alder (DOY 204, 12.5 ± 1.6 Ldm2day1) and black locust (DOY
233, 17.1 ± 2.7 Ldm2day1). Maximum Js values were higher
for ring-porous tree species (ash and black locust) than for
diffuse-porous ones (alder and poplar). The general seasonal pat-
tern was a sharp increase of Js values during spring months, that
for ring-porous tree species was up to around 15 Ldm2day1
and for diffuse-porous ones was up to around 10 Ldm2day1.
These high Js values were maintained during the whole summer
period for all species except for ash. In accordance to SWC deple-
tion during drought period, ash daily Js values presented a decreas-
ing trend over the summer. Ash daily Js values only rose up again to
similar Js spring values, after the autumn rainy events (Fig. 3). Dur-
ing rainy days, Js values were in general low for all four tree spe-
cies, indicating the lower energy availability to support
transpiration. All tree species ended their activity around the same
days, at mid-autumn season.
3.2. Sap flow responses to VPD and SWC
A significant exponential asymptotic response of daily mean Js
to daily VPD was found for all four tree species (Fig. 4, Table 2).
Parameter a in Eq. (2) represents the asymptotic maximum Js value
at high VPD values, under no further environmental constraints.
Species-specific comparisons of a parameter values show that
black locust had the highest one (a = 16.1) and poplar the lowest
one (a = 9.3). Furthermore, the values of a parameter for diffuse-
porous tree species (poplar and alder) were lower than those
shown by ring-porous tree species (black locust and ash). The
parameter b describes the slope of the response of Js versus VPD,
i.e. high b values correspond to high sensitivity of Js to VPD
increases. Ash presents the highest b value (b = 3.5), followed by
poplar (b = 1.8), and alder and black locust (both b = 1.5). Thus, at
the same VPD conditions, ash presented higher Js/Js,max values, fol-
lowed by poplar, black locust and alder. In the case of alder, poplar
and black locust, differences between the residuals of Js versus VPD
relationships were not significantly explained by SWC (n = 75,
p > 0.1). Nevertheless, for ash, Js response to VPD residuals pre-
sented a significant positive correlation with increasing SWC
(n = 75, F = 13.82, p<0.01). This indicates a relationship between
ash Js and SWC. The threshold of SWC values belowwhich ash tran-
spiration is limited by SWC is 0.08 cm3cm3 (Fig. 4, inner plot).
3.3. Structural and temporal transpiration patterns
The total tree transpiration (Ec) was 43% of the growing season
precipitation. Thus, only 20% of PET was satisfied by tree transpira-
tion. At the end of the growing season, Ec reached 211 mmgrowing
season1 (Fig. 5) when precipitation was 489 mmgrowing sea-
son1. Daily total Ec followed a significant linear relationship with
PET (n = 197, p < 0.001, r2 = 0.7) (see Fig. SM 1). The values of tree
species transpiration referred to basal area unit (Ec/AB) are lower
for black locust (more than two times lower values) than for alder
(Table 3). Ash also exhibited low transpiration rates per basal area
during summer months. This is different to what was shown by the
other tree species, whose transpiration per basal area unit rates
even increased during summer (see Fig. SM 1). Black locust trees
transpired the greatest water amount (93 mmgrowing season1),
followed by alder trees (62 mmgrowing season1), poplar trees
(46 mmgrowing season1) and ash trees (11 mmgrowing sea-
son1) (Table 3). Therefore, black locust accounted for 44% of Ec,
while alder 29%, poplar 22% and ash only 5% of Ec. Relative tempo-
ral patterns of daily Ec values show that at the beginning of the
growing season (DOY 110–130), transpiration was mainly carried
out by alder, followed by poplar and ash. However, at mid-spring
season, black locust started the transpiration activity, and around
the DOY 150 black locust transpiration was the main contribution
to tree’s Ec. On average, poplar transpires 5.8 ± 0.9 m3tree1 over
the growing season, alder 3.5 ± 1.5 m3tree1, ash 3.3 ± 1 m3tree1
and black locust 1.6 ± 0.4 m3tree1 (Table 4).
3.4. Stem basal area increment (BAI) and growth-based water use
efficiencies (WUEBAI and WUEBAIq)
There were temporal differences among tree species of daily
mean tree BAI values (cm2year1tree1). Initial stem shrinkages,
due to water stem content depletions, were observed for all tree
species (see reference to zero values in Fig. 6). The first positive
growth values were observed for ash at DOY 97. The other tree spe-
cies started to show positive growth values at about one month
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later; poplar, alder and black locust at DOY 127, 128 and 129
respectively.
Seasonal trends of tree BAI reflect a continuous tree BAI trend
for poplar all over the growing season, showing no summer water
constraints and a slowdown growth entering the autumn season.
On the other hand, ash presented stem shrinkage due to stem
water depletion during the dry period, and then resulting on
negative day to day tree BAI values during summer. Poplar
presents the highest tree BAI values (Table 4), reaching up to
59.6 ± 10 cm2year1tree1, followed by black locust (10.1 ± 2
cm2year1tree1), ash (9.3 ± 2 cm2year1tree1) and alder
(7.5 ± 4 cm2year1tree1).
Poplar is the tree species with higher WUEBAI values. No signif-
icant differences were found between the other tree species. How-
ever, when these values were standardized by the wood density
(WUEBAIq) differences were found among tree species (Fig. 6).
Black locust and poplar presented significant higher WUEBAIq val-
ues than the others, followed by ash, and alder. These values ran-
ged from 5.4 gcm1m3for black locust (the most efficient one)
to 1.9 gcm1m3for alder (the least efficient one). Values of both
WUEBAI and WUEBAIq were not statistically different between
water availability zones for both poplar (F = 0.785, p = 0.43,
n = 6), and black locust (F = 0.55, p = 0.604, n = 9).
4. Discussion
4.1. Species specific sap flow and scaling up to stand transpiration
Js values were lower in diffuse-porous tree species – alder and
poplar – than in ring-porous ones – ash and black locust. An expla-
nation for that difference is a lower wood hydraulic conductivity of
diffuse-porous tree species compared to wood hydraulic conduc-
tivity of ring-porous ones; as already reported by McCulloh et al.
(2010). Moreover, diffuse-porous tree species  poplar and alder
– started transpiration activity before black locust, a ring-porous
tree species. This is in accordance to Zimmermann and Brown
(1971) who observed an earlier mobilization of water into the stem
by diffuse-porous tree species in comparison to ring-porous ones.
These authors suggested that new wood formation of ring-porous
tree species is more expensive than diffuse-porous ones. Therefore,
these species tend to avoid new vessels cavitation by frost stress,
by starting their growing season later. However, our results show
that ash was the first species to begin to rehydrate and transpire,
taking profit for growth of the humid spring periods in the
Mediterranean. In Mediterranean environments, where freezing-
based cavitation is uncommon, the risk of such cavitation may be
smaller or at least counterbalanced by the advantage of having a
longer growing season during spring. Here, we have measured an
increasing trend of Js during the spring months for all tree species,
reaching their maximum values during the late spring period. Dif-
ferences in early spring Js to Jsmax due to tissue formation were
already reported by Bréda and Granier (1996) for a Quercus petraea
stand. This fact can be interpreted as an increment of tree hydrau-
lic conductivity during early spring by increasing the leaf area and
fine root biomass, and also by increasing their active xylem with
new vessels formation.
Ash was the only species that exhibit significant Js and BAI con-
straints during summer drought. The different behaviour of ash is
explained because this species is mostly unconnected to the phrea-
tic water reserves and its water uptake capacity is linked directly
to the unsaturated soil water availability (Singer et al., 2014).
Ash is only located in zone 3, where SWC decreases under
0.08 cm3cm3 during the summer period. Below this value of
SWC, our results shows that ash decreases its transpiration. A
reduction of transpiration prevents ash trees vessels to suffer cav-
itation due to increasingly negative water column tensions. How-
ever, it also makes ash to decrease carbon uptake during summer
period, thus reducing growth. So, ash presence only in the drier
Fig. 3. Seasonal course (DOY 100–306 period) of tree species mean daily sap flow density values per unit of sapwood area (Js, ldm2day1). Dots indicate mean daily values
as bars indicate daily standard errors for each tree species’ daily Js.
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zone of the study site could be explained by a trade-off between
the benefits of reducing hydraulic conductivity under increasingly
water tensions to avoid cavitation, and the associated growth lim-
itations due to stomatal closure during drought stress. Where
phreatic water table is not reachable, ash tree isohydric behaviour
is expected to allow it to outcompete the other riparian tree spe-
cies because a more conservative hydric management strategy.
However, given that black locust is able to reach phreatic water
table all along the soil moisture gradient, black locust may be able
to outcompete ash tree even in the third zone, because of the
dependence of ash with unsaturated soil water availability. The
observed transpiration and growth constraints by low soil water
availability of this species are in accordance with other studies car-
ried out by Aussenac and Levy (1983). They found similar observa-
tions in a 4-years-old ash plantation under drought conditions.
Kerr and Calahan (2004) also reported that drought forces ash to
stop growing. Furthermore, Singer et al. (2013) found that ash root
system was restricted to the first layers of the soil. This fact was
also found by Sánchez-Pérez et al. (2008) who reported that ash
mainly mobilizes water from the first top 30 cm layer of soil.
Hence, its non-phreatophytic behaviour is widely shown. In addi-
tion, Lemoine et al. (2001) reported that below a given threshold
of soil water availability, ash presented a stronger stomatal control
than most of the co-occurring riparian tree species. Zhou et al.
(2014) also found a very high sensitivity of this tree species to
increasingly negative predawn water potentials, compared to more
xeric Mediterranean tree species, therefore indicating a reduction
in transpiration under relatively high soil water potentials.
Although a decrease of transpiration in dry soil conditions may
help ash tree to avoid cavitation due to high xylem tensions, in
the wet Mediterranean riparian forests this response may limit
its competitiveness with the other co-occurring riparian tree spe-
cies, especially when compared to phreatophitic ones as discussed
above. Here, phreatophitic behaviour of both alder (McVean, 1956)
and poplar (Allen et al., 1999; Cox et al., 2005; Singer et al., 2013,
2014) is well known. Phreatic water uptake allow them to keep
high transpiration rates during summer drought, mobilizing water
from the phreatic reserves and not being limited by soil water
availability. Phreatic water mobilization by trees, in our study site,
was already suggested by Bernal et al. (2015). They concluded that
riparian forest transpiration, supported by phreatic water, has to
be included to understand water balances at catchment level,
mainly during summer. Likewise, black locust Js values showed
Fig. 4. Relationship between sap flow per sapwood area (Js, ldm2day1) and daily mean vapour pressure deficit (VPD) over the period DOY 150–250. Best non-linear fit is
represented by a dashed line. Coefficients of the regression and their statistical significance are presented in Table 2. Relationship between the residuals of the observed-
predicted values are plotted against soil water content (SWC, cm3cm3) in the small panel window. The solid line indicates the mean values and the two dashed lines
indicate the 95% confidence intervals for a GAM analysis. Significance of the GAM analysis is also shown (ns = no significant, *p < 0.1, **p < 0.5, ***p < 0.01). The threshold of
SWC upon residuals for ash is also noted as the value above which there is a 95% confidence of no underestimation.
Table 2
Empirical coefficient for the non-linear model (Js = a  (1  exp(bVPD))) between Js
and VPD. Coefficient values are mean ± the standard deviation.
Coefficient a Coefficient b
Alder 11.0 ± 0.3*** 1.5 ± 0.1***
Poplar 9.3 ± 0.2*** 1.8 ± 0.1***
Ash 13.2 ± 0.3*** 3.5 ± 0.6***
Black locust 16.1 ± 0.4*** 1.5 ± 0.1***
Significance: ns = no significant; * = p < 0.1; ** = p < 0.05; *** = p < 0.01.
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no different response to different SWC conditions across all soil
water availability gradient (see Table SM 2). The absence of the
black locust’s negative response to drought was also observed
under laboratory conditions in China by Wang et al. (2007) and
in the field in Czech Republic by Vítková et al. (2015). Black locust
is able to modify the density, the shape, and the thickness of the
leaves depending on water and light availability (Xu et al., 2010).
Black locust has also an adaptive root system, being able to develop
deep roots – up to 8 m depth, (Bunger and Thomson, 1938). In
addition, black locust has been reported as a phreatophytic tree
species (Móricz et al., 2016). This combination of traits allows
black locust to decouple growth and transpiration from unsatu-
rated soil water reserve, and to it may be the reason of its better
performance than ash during summer drought in zone 3.
Our results contrast with Singer et al. (2013), who found that
poplar was more limited than ash by drought in the Rhône River,
although both of them presented growth limitations due to
decreased unsaturated soil water availability. Since Lambs et al.
(2006) did describe poplar as a drought-intolerant tree species,
and Scott et al. (1999) reported strong poplar crown declines even
under moderate phreatic water table declines. Poplar Js does not
respond to summer drought in our study site. Thus, we assume
that poplar trees do not experience any water availability limita-
tions. In the Font del Regàs plot, even considering that poplar can
also obtain a little amount of water from the unsaturated soil
besides its mostly phreatic-origin water uptake (Singer et al.,
2014), the absence of negative response in poplar’s transpiration
to 2012 summer drought is attributable to its phreatophitic beha-
viour. Phreatic water uptake due the superficial and stable satu-
rated water table in zones 1 and 2, may explain both the lack of
negative response of poplar to decreasing SWC and the presence
of this tree species only in the riverside, where phreatic water table
is reachable.
We found low values of daily EcPET1 for the whole tree com-
munity (mean value equals a 0.2 ratio), which is often used as a
proxy for transpiration limitations and low CO2 assimilation in
dry environments (Hsiao and Acevedo, 1974; Zweifel et al.,
2006). However, the linear response of the stand transpiration at
increasing PET also indicates higher constraints of transpiration
by incoming energy than by water availability, even during sum-
mer. In Mediterranean ecosystems, tree transpiration has been
reported to reach values up to 70–80% of the annual precipitation
(Piñol et al., 1999). Nevertheless, in our study site, total tree tran-
spiration only accounts for 43% of the precipitation during the
growing season. This result can be explained by the presence in
our study site of a dense understory, mainly of the climbing vine,
Hedera helix, attached to most of the trees that may account for a
significant amount of transpiration not measured here. The impor-
tant role of the understory transpiration has been already reported
by others. Roberts (1983) already reported examples where the
understory accounted for an elevated fraction of the total
transpiration. Loustau and Cochard (1991) also reported for mar-
itime pine stand that transpiration of the understory was one third
of the total Ec.
4.2. Patterns of growth based water use efficiency (WUEBAI and
WUEBAIq)
Both WUEBAI and WUEBAIq reach different values depending on
tree species. Alder is the tree species with highest transpiration per
basal area unit, and also shows the lowest range of both WUEBAI
and WUEBAIq values. In general, alder presented lower growth rate
values in comparison to the other autochthonous tree species.
Alder shows an anisohydric behaviour, which means that it keeps
high leaf conductance values independently of soil water availabil-
ity (Eschenbach and Kappen, 1999), but consequently increases its
cavitation risk. Moreover, this species has a close relationship
between transpiration and VPD due to its weak stomatal control
(Herbst et al., 1999). Those traits makes alder extremely vulnerable
to water stress (Claessens et al., 2010), and they explain its pres-
ence just along the riverside, where phreatic water is always avail-
able. Therefore, if in the south-western Mediterranean basin
climate change results on a shift from permanent to temporary
stream-flow (Otero et al., 2011), the conditions for alder preserva-
tion in the Mediterranean area would be surely endangered. Poplar
shows the highest WUEBAI values of the tree species in the study
site. Also, poplars WUEBAIq is not significantly different from black
Fig. 5. Average tree basal area increment (BAI) over 2012 growing season. Upper
panel: Absolute BAI for each tree species (cm2tree1). The table shows the DOY of
starting growth and the accumulated annual BAI value. Different letters indicate
significant differences between species. Lower panel: species accumulated basal
area increment relative to total yearly BAI.
Table 3
Tree species actual transpiration. AB is basal area for a given tree species population, EC is the species population actual transpiration over the 2012 growing season, and Ec is the
total tree community transpiration. EC/AB is the mean transpiration values weighted by basal area.
Alder Ash Poplar Black locust Total
EC (mmgrowing season1) 62 11 46 93 211
ECsp/Ec 0.27 0.05 0.22 0.44 1
Ec/AB (mmm2growing season1) 10.9 9.8 5.9 4.0 5.6
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locust. However, poplar trees does not regenerate within the site,
and they are not located in the drier zone, where phreatic water
table is deeper into soil. Ash presents intermediate WUEBAI and
WUEBAIq values, mainly because its growth limitation during sum-
mer due to water stress. Although ash species starts growing
before all other tree riparian tree species, and shows similar values
of maximum Js and BAI to black locust, this species is subjected to
summer water availability constraints which are not exhibited by
black locust, which is outcompeting ash all across the study site
when phreatic water table is available. Our results demonstrate
that black locust does not present any negative response of Js to
summer drought and it shows the highest WUEBAIq. Ranney
et al. (1990) also reported high water use efficiency values of
well-watered black locust juveniles.
4.3. The inevitable increasing role of black locust in the Mediterranean
riparian forests
Our results demonstrate that both poplar and black locust per-
formed better in terms of growth and water use efficiency than the
other co-occurring tree species. Poplar is well known as pioneer,
fast growing, and shade-intolerant species (Slavov and Zhelev,
2010). In our case study, as observed in many places in the area,
both poplar and black locust took the advantage to grow when
the canopy was opened by riparian forest clear-cutting. Neverthe-
less, while poplar was facilitated by plantation, black locust, exhib-
ited high ability to regenerate and get established all over the
riparian zones. As a drought-tolerant tree species, black locust
seems better able than poplar, a drought-intolerant tree species,
to occupy Mediterranean riparian ecosystems under sustained dis-
turbances such as climate change, intensive clear-cutting manage-
ment, or water flow modification due human activity (Lite and
Stromberg, 2005). Those disturbances open gaps in forest canopies,
and this sudden light availability promotes the growth and survival
of black locust juveniles (Kurokochi et al., 2010), facilitating this
species to quickly colonize the new open spaces, competing with
poplar for the exploitation of newly generated gaps in the canopy.
In addition, poplar recruitment is closely related to a well watered
soil conditions during the June–July months (Guilloy-Froget et al.,
2002), while black locust better tolerates drought stress. So, soil
water availability will play a key role in determining which tree
species, black locust or poplar, outcompetes the other in zones 1
and 2 in the future. In zone 3, however, competition occurs
between black locust and ash tree, the two more isohydric tree
species in the study site. As an invasive tree species in Mediter-
ranean riparian forests, the establishment and growth of black
Fig. 6. A) Annual basal area increment (BAI, cmyear1). B) Annual transpiration Ec (mmyear1). C) Growth-based water use efficiency (WUEBAI, in cm2m3). D) Growth-
based water use efficiency multiplied by species wood density (WUEBAIq, in gcm1m3). Boxes represent the mean values, the 50 percentiles and the 95% confidence
intervals for each tree species (A = Alder (n = 3), F = Ash (n = 4), P = Poplar (n = 6), R = Black locust (n = 9)). Letters indicate significant differences between species factor after a
post hoc Tukey test.
Table 4
Summary of species-specific ecophysiological variables. BAI (cm2year1) is the annual basal area increment, EC is the tree transpiration (m3year1), WUEBAI is the water use
efficiency in growth (cm2m3), and WUEBAI,q is the water use efficiency in growth standardized for wood density (gcm1m3). Inner letters indicate significant differences
between species factor after a post hoc Tukey test.
BAI (cm2year1) Ec (m3year1) WUEBAI (cm2m3) WUEBAI,q (gcm1m3) n
Mean SE Mean SE Mean SE Mean SE
Alder 7.5a 2,7 3.5a 1,5 2.5a 0,5 1.2a 0,3 3
Ash 9.3a 2 3.3a 1 3.3a 1,1 2.3a 0,7 4
Poplar 59.6b 10,8 5.9a 0,9 11.3b 2,3 3.6a,b 0,7 6
Black locust 10.1a 2,1 1.6b 0,4 7.2a,b 1,2 5.4b 0,9 9
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locust imply competition for resources with autochthonous tree
species. The life traits of black locust seems to facilitate this tree
species to outcompete in front of native species after human man-
agement or climate induced disturbances that will open gaps in the
forest canopy. On one hand, several studies have reported that the
presence of black locust promotes many changes in riparian
ecosystems, such assoil organic matter quality and composition
(De Marco et al., 2013), soil nitrogen cycle modifications
(Bormann et al., 1993; Castro-Díez et al., 2009; Medina-Vilar,
2016), negative impacts upon autochthonous tree species compo-
sition (Peloquin and Hiebert, 1999) and decrease on beta-
diversity (Sitzia et al., 2012). On the other hand, some studies
reported that black locust does not regenerate well under closed
canopies, so the invading capacity of this species is clearly facili-
tated by environmental or human induced disturbances (Boring
and Swank, 1984; Motta et al., 2009; Kleinbauer et al., 2010). Our
results support that, if global change scenarios include increasing
aridity, human disturbances in riparian zones, and more extreme
climate-related events, as floods or increasing drought stress that
open gaps in the canopy, black locust expansion would be inevita-
ble because of its high water use efficiency. Thus, given the IPCC
(2013) climate change projections in the Mediterranean zone, we
expect that black locust will become increasingly dominant in
many Mediterranean riparian forests. This would be particularly
enhanced after disturbances such as intensive management. Addi-
tional impacts, such as changes in nutrient cycling and loose of
habitat diversity due to black locust presence, would need further
attention.
5. Conclusions
We have shown that alder, poplar and black locust did not
experience transpiration constraints due to water scarcity, even
during summer of a particularly dry year. Due to their ability to
uptake water from groundwater reserves, these species, currently
common in Mediterranean riparian forests, are more limited by
evaporative demand than by water availability. Nevertheless, ash
experienced transpiration constraints at soil water content values
below 0.08 cm3cm3, confirming its non-phreatophytic behaviour.
Black locust was the main tree species contributor to transpiration
in our study site. Furthermore, black locust performed better than
alder and ash in terms of growth and growth based water use effi-
ciency. Given the projected increase of aridity in the Mediter-
ranean area, alder is likely the most vulnerable of the
autochthonous riparian tree species and black locusts seems a clear
winner.
Our results suggest that the main explanation of the expansion
of black locust in the Mediterranean riparian forests is based on its
high growth-based water use efficiency, over a broad range of soil
water availability conditions in the riparian zone, together with its
easy establishment in this riparian zone after disturbances. That is
essential to understand the inevitable invasion of black locust in
Mediterranean riparian forests, specially promoted by the current
intensive forest management in these ecosystems.
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ABSTRACT
This paper describes the assumptions, equations, and procedures of the RheaG weather generator al-
gorithm (WGA). RheaG was conceived for the generation of robust daily meteorological time series,
whether in static or transient climate conditions. Here we analyze its performance in four Iberian locations—
Bilbao, Barcelona,Madrid, and Sevilla—with differentiated climate characteristics. To validate the RheaG
WGA, we compared observed and generated meteorological time series’ statistical properties of pre-
cipitation, maximum temperature, and minimum temperature for all four locations. We also compared
observed and simulated rain events spell length probabilities in all four locations. Finally, RheaG includes two
weather generation procedures: one in which monthly mean values for meteorological variables are uncon-
strained and one in which they are constrained according to a predefined baseline climate variability.Here, we
compare the two weather generation procedures included in RheaG using the observed data fromBarcelona.
Our results present a high agreement in the statistical properties and the rain spell length probabilities
between observed and generated meteorological time series. Our results show that RheaG accurately
reproduces seasonal patterns of the observed meteorological time series for all four locations, and it is even
able to differentiate two climatic seasons in Bilbao that are also present in the observed data. We find a
trade-off between generation procedures in which the unconstrained procedure better reproduces the
variability of monthly and yearly precipitation than the constrained one, but the constrained procedure is able to
keep the same climatic signal across meteorological time series. Thus, the first procedure is more accurate, but
the latter is able to maintain spatial autocorrelation among generated meteorological time series.
1. Introduction
Ongoing human-induced climate change is already
affecting both human societies and natural systems all
across the globe. Its negative impacts are projected to
increase in the coming decades (IPCC 2013). Simula-
tion models are the most reliable ways to explore how
changes in environmental conditions will likely modify
present natural systems in the future. Future climate is
unknown, but simulation models can be fed with climate
projections generated statistically from the meteoro-
logical record. Thus, developing tools to provide sta-
tistically robust future meteorological time series is
crucial. Moreover, even when those projections are
available, most of the time their temporal or spatial
scale does not fit with simulation models’ requirements.
In that case, further transformations shall be applied
upon global climate change projections to downscale
them to a site-specific data. This fact is not trivial, as
further downscaling needs to be also accurate and sta-
tistically robust both with global projections and local-
scale observations. Furthermore, inmost locations daily
meteorological time series are not available. They also
might have large gaps in their records. In both cases,
current or past meteorological time series have to be
reconstructed in order to feed simulation models with
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reliable meteorological information to evaluate their per-
formance under current climate conditions.
There have been many approaches in the develop-
ment of algorithms for meteorological series generation
since themid-twentieth century (e.g.,Gabriel andNeumann
1962; Richardson 1981; Richardson and Wright 1984;
Bürger 1997)—see Ailliot et al. (2015) for a review.
Generally speaking, weather generation algorithms (WGA)
are based on summarizing observed climate data time
series into a set of statistical descriptors in order to
use them to generate artificial climate data statistically
similar to the observed ones (Wilks and Wilby 1999).
Traditionally, climate variables included in WGA have
been temperature, incident radiation, wind speed, and
the most important, precipitation. Most of WGA in-
clude temporal autocorrelation between their variables
in their generated data. Many of them correlate climate
variables to precipitation, as it is identified as the
most difficult climate variable to be properly generated
(Hutchinson 1986). In contrast to most global circulation
models’ (GCMs’) fluid dynamics differential-equations-
based projections, WGAs tend to represent better local
climate variations because of their specificity to the sta-
tistical characteristics of a given local climate time series.
However, the parameterization effort of those models is
substantial for each location, and they need long observed
climate time series to be parameterized, so their appli-
cability to a large area is still challenging (Semenov and
Brooks 1999). Still, WGAs also have to deal with the
trade-off between the number of descriptive parameters
and the relative information gained per added parameter
(Hawkins 2004). The aim is to avoid irrelevant or roughly
noninformative parameters that increase the minimum
length of the observed meteorological time series re-
quired to calibrate them. In the end, each WGA is a
trade-off between the likelihood and statistical robust-
ness of its generated meteorological time series and the
number of parameters required.
With this paper we propose a new Markovian transi-
tion probability-based WGA, and we evaluate its per-
formance when compared to four contrasting climates
from the Iberian Peninsula. We first compare the abso-
lute values of observed and generated meteorological
time series at four different locations representative
of the different Iberian climates—that is, Barcelona,
Bilbao, Madrid, and Sevilla—to account for the verisi-
militude of the generated meteorological time series
compared to the observed ones. Then, we compare gen-
erated versus observed precipitation patterns, focusing
our attention to rain spell length distributions. Finally,
we compare the two alternative procedures included in
RheaG for meteorological data generation under dif-
ferent climate forcing scenarios for Barcelona.
2. Material and methods
RheaG is a WGA programmed in R coding lan-
guage (R Core Team 2017) in order to make it freely
and easily available. RheaG analyzes certain statis-
tical properties of an input observed daily climate
data and then uses these properties, along with a
pseudorandom number generator, to produce simu-
lated daily meteorological data one day at a time, thus
reproducing observed climate statistical patterns. Table 1
summarizes the meteorological inputs and its description
in the RheaG.
Daily meteorological variables included in the RheaG
are divided into two categories: the mandatory ones—
that is, incident radiation Q (MJ ha21 day21), pre-
cipitation P (mmday21), and maximum and minimum
temperatures (Tmax and Tmin; 8C)—and the discre-
tionary ones—wind speed (Ws; m s21), atmospheric
water pressure (VP; kPa), and potential evapotrans-
piration (PET; mmday21). The statistical properties
obtained from the observed meteorological time series
for Tmax, Tmin, Q, Ws, VP, and PET are the month
daily mean and standard deviation values, along with
the monthly first-order Markovian transition proba-
bility matrix. The temperature and radiationMarkovian
transition probability matrix is defined by the proba-
bility of observing a value above or below the monthly
mean given that the value of the previous day was above
or below the monthly mean. Statistical properties de-
scribing precipitation patterns in RheaG are as follows:
annual mean precipitation during a rainy day; monthly
mean precipitation during a rainy day; rain occurrence
probability defined by 15 rain occurrence probability
classes, following a p[2(n21) , x , 2n] distribution,
where n 2 I{1, 2, . . . , 15}; and last, the monthly
Markovian transition probability matrix of rain oc-
currence given whether it rained the previous day.
It is noteworthy that, in absence of radiation inputs,
the RheaG algorithm is still able to calculate them by









whereRt is the daily radiation (MJ ha
21 day21); Tmax
and Tmin are maximum and minimum temperatures,
respectively, (8C); and Ra is the extraterrestrial radi-
ation for a given location and moment of year
(MJha21 day21) and is calculated from the latitude of
the location in degrees and the Julian day (Spencer 1971;
Duffie and Beckman 1991). The empirical coefficient
Kt depends on the continentality of the site. For coastal
sites,Kt equals 0.20, and for the interior regions it equals
0.17, according to Allen (1995).
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In RheaG, discretionary variables, if not available, are
calculated daily as follows:
Saturated vapor pressure (VPS; kPa) is calculated











where VPS is the saturated water vapor pressure (kPa),
and Tmin is the minimum daily temperature (8C).
Kimball et al. (1997) found that predawn air water vapor
pressure does not reach saturation point in the most arid
climates, and they proposed a correction upon VPS
based on the proportion of annual precipitation related
to potential evapotranspiration. If annual precipitation
P365 is less than a half of potential evapotranspiration













where VPScorrected is the saturated water vapor
pressure after applying Kimball’s correction (kPa),
VPS is the estimated saturated water vapor pressure
(kPa), and P365 and PET365 are the last 365 days precipi-
tation and potential evapotranspiration, respectively
(mmyr21).
Actual VP is calculated by changing daily Tmin mean
daily temperature [i.e., (Tmax 1 Tmin)/2 ] in Eq. (2).
Daily PET is calculated following the FAO Penman–









where D is the slope vapor pressure curve (kPa 8C21)
given daily mean temperature; Q is the daily incident
radiation (MJha21 day21);G is the soil heat flux density
(MJha21 day21), fixed at a 10%; g is the psychrometric
constant (kPa 8C21) given the altitude of the plot;
Tmean is the daily mean temperature (8C); Ws is the
daily mean wind speed (ms21); VPS is the saturation
vapor pressure (kPa); and VP is the actual vapor
pressure (kPa).
Wind speed is often not available in original data. In
that case, Ws RheaG generates daily Ws data using a
Gaussian distributionWsday5N(m, s
2), with prescribed
monthly mean and variance values according to the
previous knowledge for each location.
TABLE 1. Meteorological variables considered in the RheaG weather generator. List of parameters needed for each variable in the
model and the probability function used to obtain the daily values. Time autocorrelation indicates the probability matrix used to relate
values of a given variable at day t to values obtained at day t2 1. If there is no time autocorrelation, values of day t are independent from
the day t 2 1. Inferred values column indicates when RheaG may generate meteorological values of this variable without a previous
measurement.
Meteorological variable Parameters Probability function Time autocorrelation Inferred
Minimum temperature (MinT; 8C) Monthly mean MinT Tminday 5 N(m, s
2) First-order Markovian No
Monthly std dev MinT
Maximum temperature (MinT; 8C) Monthly mean MaxT Tmaxday 5 N(m, s
2) First-order Markovian No
Monthly std dev MaxT
Vapor pressure (VP; kPa) Monthly mean VP VPday 5 N(m, s
2) First-order Markovian Yes
Monthly std dev VP
Radiation (Q; MJm22 day21) Monthly mean Q Qday 5 N(m, s
2) First-order Markovian No
Monthly std dev Q





rain events based on a
p[2(n21) , x # 2n]Pday per
rainy day distribution
Pday 5 (11 x
2)[2(n22)](Pmonth/
Pyear); n 2 I{1, 15}
No No
Monthly mean rainfall per
rainy day
Yearly mean rainfall per
rainy day
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It is noteworthy that, despite in some of the other
WGAs there are some kinds of correlations among Tmax
and Tmin,Q, PET, andVPSwith daily precipitation (e.g.,
Wilks and Wilby 1999; Kilsby et al. 2007), RheaG does
not include any a priori correlations among them, in spite
of maintaining a low number of parameters required to
run the algorithm—but see the constrained generation
method below. We are aware that independent meteo-
rological data generation for each variable in some cases
may lead to physically unrealistic daily combinations
(e.g., high Q values generated during extended rain
events), while still presenting consistent monthly and
yearly variable values. Other approaches (e.g., Kilsby
et al. 2007), based on hourly observed data, have proven
to significantly improve the agreement between gener-
ated and observed meteorological time series, while they
consistently kept correlations between precipitation,
temperature, and radiation. However, the main purpose
of RheaGWGA is to feed simulation vegetation models
with site-specific meteorological time series. That kind of
meteorological record is often found in the form of daily
values. Besides, in the past they covered too few years to
capture straightforward correlations between daily me-
teorological variables and daily rain intensity. Slightly
negative correlations between daily precipitation during
the days when P . 0 and Tmax (rBarcelona 5 20.22,
nBarcelona 5 2065; rSevilla 5 20.15, nSevilla 5 1672), Tmin
(rBarcelona 5 20.17, nBarcelona 5 2065; rSevilla 5 0.01,
nSevilla 5 1672) and Q (rBarcelona 5 20.13, nBarcelona 5
2065; rSevilla 5 20.18, nSevilla 5 1672) were observed
in our data, with elevated intra-annual variability (see
Figs. SM1 and SM2 and Table SM1 in the online sup-
plemental material). Furthermore, it has been observed
that sensitivity to biases in input precipitation and
temperature for simulation models occurs mostly at
monthly—rather than daily—levels (e.g., Wood et al.
2004; Fowler andKilsby 2007). Hence, we opted to apply
the most parsimonious criteria of not accounting for
correlations within variables at a daily scale in order to
reduce parameter number input.
a. Precipitation
Precipitation tends to be the main driver variable in
most of WGA (Kilsby et al. 2007). First-order Mar-
kovian transition probability matrices (MM) have been
largely used to model the daily occurrence of climate
events (Gabriel and Neumann 1962; Caskey 1963; Stern
1980; Sonnadara and Jayewardene 2015). They are a
simple but effective way to model wet and dry spells’
length, frequency, and distribution if the original mete-
orological series analyzed are long enough (Katz 1981).
However, they only generate binomial information—
rain or no rain—for a single day. Thus, rain occurrence
models must be coupled to rain amount distribution
models to generate the meteorological time series. Ex-
ponential, potential, gamma, or mixed exponential rain-
fall amount distribution models have been successfully
applied in several weather generator algorithms (Wilks
andWilby 1999; Ailliot et al. 2015). RheaG uses monthly
based MM to determine if it rains during a given day,
given that it rained the previous day. In the case of
rain presence, RheaG describes the amount of pre-
cipitation during a rainy day from 15 probability classes in
p[2(n22)],Pamount# 2
(n21), where n2 I{1, 2, . . . , 15}, and
Pamount is the amount of precipitation during a rainy day.
RheaG first randomly determines the nPamount class
for a given day, from the yearly probability distribution
of belonging to n precipitation class, obtained from
observed data. Then, RheaG generates actual precipi-









where Pday is the amount of precipitation during a given
day (mmday21), x is a random number between 0 and
1, n refers to the precipitation class—n 2 I{1, 2, . . . , 15},
Pmonth is the mean daily precipitation for a given month,
and Pyear is the yearly mean daily precipitation.
Here we evaluate generated precipitation in two
ways: first, we analyze the ability of RheaG to re-
produce the statistical properties of the generated
meteorological time series—that is, Markovian tran-
sition probabilities, rain occurrence probability, rain
intensity, and probability distribution. Second, we
compare the wet spell length probability between
reference climate time series and generated time se-
ries. It is not explicitly included in the input for the
RheaG, although is closely linked to the Markovian
transition matrix. Hence, it is a good estimator of the
agreement among statistical properties of observed
and generated meteorological time series. As most of
the complexity in weather generation relies on accu-
rately describing precipitation patterns (Wilks and
Wilby 1999), we set the main focus of this work on
precipitation patterns in order to validate RheaG
meteorological time series.
b. Maximum and minimum daily temperatures and
daily radiation
Daily maximum and minimum temperatures (8C)
in a monthly basis—hereafter referred as ‘‘tempera-
ture values’’—have been successfully modeled from
Gaussian distributions (e.g., Mearns et al. 1984; Kilsby
et al. 2007), and so have been implemented in the RheaG
WGA, coupled to a first-order Markovian transition
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matrix to account for daily autocorrelation in tempera-






where Tj is the temperature value for a given j day (8C),
Refj is the reference mean temperature on the jth
day (8C), and s2 is the standard deviation of monthly
temperature values. In addition, RheaG includes a
MM-based probability to account for temporal auto-
correlation trends in temperature. Therefore, a given
day is going to add or subtract the standard deviation to
the Refj values according to a MM-based probability.
Refj is a correction upon reference mean monthly
temperature. It is calculated following Eq. (7) or Eq. (8),
depending on being the day j within the first or the

































where Refj is the reference mean temperature on the jth
day; mm is the mean monthly temperature of that given
month (8C); m(m21) and m(m11) are the mean monthly
temperature values for the previous and the following
month (8C), respectively; dm is the number of days
within the month m; dj is the current Julian day; and
dc,m is the Julian day at the middle of the current month.
These corrections are used to smooth the transition of
the generated climate time series between one month
and the previous or following month, alternatively. Last,
RheaG recalculates daily temperature values if Tmax#
Tmin for a given day in order to avoid unrealistic
output values.
Surface incident radiationQ (MJha21day21) for a given
day is obtained following exactly the same procedure.
c. Generation of daily meteorological time series
under no climate forcing
To validate RheaG-generated time series, we se-
lected four climate time series from the Agencia Estatal
de Meteorología (AEMET) Spanish Meteorological
Service (http://www.aemet.es/es/portada). This climate
time series are representative of different climates
present in the Spanish mainland. Bilbao (43.178N,
25.428W) represents the wet, northwestern Atlantic cli-
mate; Barcelona (41.258N, 20.738E) represents the moist
Mediterranean-type climate; Sevilla (37.098N, 53.668W)
represents the arid Mediterranean-type climate; and
Madrid (40.248N, 34.048W) represents the continental
climate.We usedAEMET climate time series from 1989
to 2009 for all locations, hereafter referred as validation
locations, to account for at least 20 years (Richardson
and Wright 1984) of meteorological recorded data. In
addition, we selected this period to avoid the longer gaps
present in the register. Gaps in temperature and radia-
tion were filled as follows: gaps shorter than 2 days were
filled by linear interpolation. Gaps larger than 2 days
were interpolated linearly from nearby meteorological
stations. In addition, gaps in precipitation were all in-
terpolated linearly from nearby meteorological stations.
Only meteorological stations with R2 $ 0.8 were used to
fill those gaps. Under current climate change conditions,
it is very likely (IPCC 2013) a modification of climate
statistical properties. So, by using only the last 21 years
available, we made sure to obtain both the current
means and standard deviations, as well as the most re-
cent Markovian probability distribution. For each lo-
cation, five independent 90-yr-long daily climate data
series were then generated without any monthly data
restriction, or any further climate forcing, to account for
the ability of RheaG to reproduce the observed climate
pattern in the original meteorological time series. We
refer to these runs as reference (R) runs, as they do not
include further forcing than observed in generated
time series.
d. Generating time series under climate forcing
RheaG also includes the option to generate meteo-
rological data with climate forcing. RheaG includes two
procedures for doing so. The first one, called the un-
constrained one because monthly values for different
meteorological time series are independent, generates
climate just as described above for all years required,
and at the end it adds three monthly cumulative anom-
alies for the values of Tmax, Tmin, and P, respectively.
These anomalies are the monthly increment per year
projected in Tmax and Tmin and the yearly percentage
reduction in precipitation on a monthly basis.
The second procedure for meteorological time series
generation under climate forcing, so-called the con-
strained one, first calculates a baseline monthly vari-
ability to be included in all time series to be generated.
This monthly variation is generated randomly for Tmax,
Tmin, Q, and P from a truncated normal distribution
centered in the mean monthly values, with a variation
that is function of the observed monthly standard
deviation for this variable multiplied by a Gaussian-
probability-based factor. It includes the option to
account for autocorrelations among variables (e.g.,
months with positive increase in maximum temperature
with respect to the mean aremore likely to have positive
increases in minimum temperature with respect to the
mean). Final monthly values for a given meteorological
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variable are calculated as follows: for a given month
i and during a given year, the reference value (Refmonth)
for a given variable x follows the equation Refmonth 5
N(mx,i 1 Dxi, ax,is
2
i ), where mx,i is the observed mean
monthly value for this given variable, Dxi is the anomaly
of this variable under climate change conditions for the
given month, ax,i is the variability for a given x variable
and imonth—with values ranging between21.5 and11.5
and following a truncated Gaussian distribution centered
in 0; and s2i is the observed standard deviation for the
given x climate variable during i month. The intention
here is to maintain the same variation signal among
generated meteorological time series for a given month
when they are spatially autocorrelated. The ax,i co-
efficient is, then, used to maintain the same underlying
climate signal for the same month among different
meteorological time series. It is noticeable here that
absolute individual monthly values can also be in-
cluded as an input for RheaG, so this WGA is able to
disaggregate the more common monthly meteoro-
logical projections into the daily climate time series
required by several simulation models.
Once reference monthly values are obtained, daily
Tmax, Tmin, Q, and P values are generated iteratively
for each month. Then, if mean Tmax, mean Tmin, mean
Q, or cumulative P is equal to reference monthly values
for a given month 6 0.58C, 1MJm22 month21, or
2mm month21, depending on the variable, generated
daily values are accepted. Conversely, if they are not
within this range, generated daily values are rejected
and RheaG iteratively generates another daily values
set for the given month, until generated values match
the monthly specific reference monthly values.
To assess how climate data generated from a given
validation location vary under different climate forc-
ing conditions—that is, climate change—we generated
climate data following three climate forcing scenarios
for Barcelona (Table 2) for the 2010–2100 period, and
for three climate forcing scenarios: no static present
climate (SPC), moderate climate forcing according to
the RCP4.5 climate forcing scenario, and strong climate
forcing according to theRCP8.5 climate forcing scenario
(IPCC 2013). We kept all monthly anomalies for both
temperature and precipitation equal, to make the results
comparison more straightforward. We then compared the
original daily, monthly and annual climate data probability
distributions, with the newly generated climate time series
under both RCP4.5 and RCP8.5 climate forcing scenarios.
All data processing and statistical analyses have been
performed using R software (R Core Team 2017).
3. Results
a. Validation of generated time series statistical
properties
Madrid presented the lowest mean annual precipita-
tion from the four validation locations climate data time
series analyzed, with values around 370mmyr21. Ma-
drid also presented the widest range of temperature
values, with 138Cbetweenmeanminimum andmaximum
annual temperatures (Table 3). Conversely, Barcelona
TABLE 2. Climate forcing scenarios considered, following IPCC (2013). SPC indicates the stationary-at-present climate scenario, with
no further climate forcing. RCP4.5 is the moderate-climate-change scenario (climate forcing equal to 4.5 Wm22), and RCP8.5 is the
extreme-climate-change scenario (climate forcing equal to 8.5 Wm22). In the columns, DTmax and DTmin are the anomaly in Tmax and
Tmin projected by the year 2100 with respect to the reference period (1990–2010), and DP is the anomaly in precipitation projected by the
year 2100 with respect to the reference period.
Climate scenario DTmax (8C century21) DTmin (8C century21) DP (% century21)
SPC 0 0 0
RCP4.5 2.225 2.225 225
RCP8.5 5.6 5.6 235
TABLE 3. Comparison for all four validation locations for observed (21 years) and generated with RheaG (100 years) annual mean
precipitation (P; mm yr21), annual meanmaximum temperature (Tmax; 8C), and annual mean minimum temperature (Tmin; 8C). Values
are noted as mean plus and minus standard error of five generated climate time series.
Location
Observed Generated
P (mmyr21) Tmax (8C) Tmin (8C) P (mmyr21) Tmax (8C) Tmin (8C)
Bilbao 1100 19.6 10 1090 6 9.3 19.7 6 0.05 9.8 6 0.01
Barcelona 603 19.9 12 607 6 8.6 19.7 6 0.01 11.9 6 0.05
Madrid 373 21.3 8.1 375 6 2.7 21.4 6 0.02 8 6 0.01
Sevilla 528 25.7 13.3 536 6 6.2 25.7 6 0.01 13.3 6 0.01
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presented the narrowest range, with only 88C between
minimum and maximum mean annual temperatures.
Bilbao presented the highest annual precipitation
values, around 1100mmyr21 for the 1989–2010 period.
Annual mean maximum and minimum temperatures
were the highest in Sevilla, with mean values of 138
and 268C, respectively.
Differences between observed and generated climate
time series in mean annual P, Tmin, and Tmax values
were minimal for all four locations. They diverged less
than 1% for all three variables considered, except for
mean annual precipitation in Sevilla, which diverged
about 1.5%, with slightly higher generated precipitation
values than observed ones (Table 3).
Monthly daily rain probabilities between observed
and generated climate time series were almost identical
(Fig. 1, 0.96 , R2 , 0.99). However, in Sevilla, gener-
atedmonthly daily rain probabilities divergedmore than
the observed ones (RMSE 5 0.025, n 5 60). Madrid
(RMSE 5 0.01, n 5 60) was the validation location
where generated monthly daily rain probabilities were
most similar to the observed ones, followed by Barcelona
(RMSE 5 0.012, n 5 60), and Bilbao (RMSE 5 0.016,
n 5 60).
MM transition probabilities of generated climate time
series were also consistent with observed properties for
all locations (Fig. 2; 0.91 , R2 , 0.995). RMSE of the
probability of observing a nonrainy day after a nonrainy
day p(DD) ranged from 0.007 in Madrid to 0.031 in
Barcelona. It is noteworthy that the relatively high di-
vergence in Barcelona is attributable to an anomalous
February p(DD) in one out of five of the meteorological
time series generated, which can occur when Markov
chains are used to randomly generate a finite number of
iterations. Additionally, the RMSE among the observed
and generated probabilities of observing a rainy day
after a rainy day p(WW) reached its lowest values in
Bilbao (0.015) and its highest values in Sevilla (0.048).
Newly generated climate time series maintained the
observed negative linear correlation between p(DD)
and daily rain probability (Fig. 3). Theymaintained both
the overall trend and the climate time series’ specific
FIG. 1. Comparison between monthly rain probability for observed (solid line) and mean (dots) and standard
deviation (bars: 61 std dev) of the five simulated climate time series for each of the four validation locations.
Spearman’s correlation coefficient is noted for each location.
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trend for all four sites. The analysis of Bilbao mete-
orological time series presented two different season-
related patterns of this relationship (Fig. 4): the first
one comprises the cold and wet months (from November
to May), and the latter one includes the warm months
(from June to October). This indicates that, given the
same daily rain probability, during warm months Bilbao
presents a lower p(DD) than during the wet ones within
the ranges of daily rain probability registered in the ref-
erence meteorological time series. Hence, an increase in
the dispersion of the rain events during the warm season
is observed in Bilbao.
b. Comparison between observed and generated rain
spell length
For all four validation locations, simulated rain spell
length probability distribution matched the observed
rain spell length (Fig. 5). In all cases, 1-day-long spell
lengths were found the most probable case. A nonlinear
decrease in occurrence probability was observed at in-
creasing spell lengths. One-day-long spell length prob-
abilities ranged from 0.35 in Bilbao to 0.55 in Barcelona,
and Madrid and Sevilla being the middle cases, with
values ranging from 0.45 to 0.5, respectively. Further-
more, the steeper decreases in spell length frequency
were observed in the Mediterranean-type climates,
Sevilla and Barcelona.
Spearman correlation scores between observed and
simulated rain spell lengths were higher than 0.99 in all
cases, with differences ranging from less than 2% in
Bilbao to a maximum of 6% in 1-day-long rain spell
length in Sevilla. No trend was observed in the differ-
ences among observed and generated climate time se-
ries. Nevertheless, RheaG tends to better reproduce
low-frequency rain spell lengths in all locations and
slightly fails to reproduce the observed frequency of
FIG. 2. Comparison between observed monthly Markovian dry–dry [p(DD)] and wet–wet [p(WW)] transition
probabilities (solid line and dotted line, respectively) andmean (triangle) and standard deviation (bars;61 std dev)
of the fiveR time series for each of the four validation locations. Spearman’s correlation coefficient is noted for each
location and for both p(WW) and p(DD).
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short rain spell lengths, with no apparent trend among
locations.
c. Weather generation under climate forcing
Interannual variation in cumulated precipitation
under SPC climate forcing (Fig. 6) better represented
observed interannual variability in precipitation in Bar-
celona (602 6 144mmyr21) by using the unconstrained
procedure (6206 133mmyr21) than the constrained one
(6146 72mmyr21). The same pattern was also observed
in mean annual maximum temperature: unconstrained
values (19.48 6 0.228C) were more variable than con-
strained ones (19.58 6 0.28C), thus better reproducing the
observed pattern (19.48 6 0.548C).
Following the unconstrained procedure, higher vari-
ability of monthly precipitation was observed in Barce-
lona on a monthly basis (Fig. 7). In addition, using the
unconstrained procedure, the probability distribution of
monthly anomaly of precipitation [(P – PMean)/PMean]
was more in accordance with observed values than
using the constrained one. There were peaks in autumn
precipitation that reached ;320mm month21 for all
three climate forcing scenarios in the unconstrained
procedure, while maximum monthly precipitation values
following the constrained procedure were lower, about
150mm month21 during autumn. However, as climate
change intensity increased, the high precipitation months
became less frequent for the two procedures (Fig. 8).
On the other hand, the constrained procedure generated
less variability in monthly precipitation values, with
bothmaximumandminimummonthly precipitation values
constrained within predefined ranges. In addition, under
SPC conditions, daily probability of no rain was 0.844
and 0.827 for the unconstrained and the constrained
FIG. 3. Correlation between daily rain probability and dry-to-dry probability transition. (left) Observed climate
data values. (right) Five generated climate data values. Linear regression coefficients and Spearman’s correlation
coefficient are noted both for the overall values and for the separate four locations (inner tables). The overall linear
regression trend is noted as a solid line. The Bilbao (D) trend is noted as a dotted line, the Barcelona (1) trend is
noted as a dashed line, the Madrid (s) trend is noted as an 3-based line, and the Sevilla (j) trend is noted as a
small-dashed line. For each coefficient, the significance level is noted: ns 5 not significant; * 5 p , 0.05; *** p ,
0.01. See Fig. 4 for the reason for the low correlation found in Bilbao.
FIG. 4. Bilbao’s correlation between daily rain observed probabili-
ties and dry-to-dry Markov probability transition. Two different sea-
sons have been differentiated: the mild season (November–May; solid
line) and the warm season (June–October; dashed line). Numbers
represent the month of the year. Big numbers are observed values;
small numbers are generated values. Meteorological time series are
analyzed for each season. Table indicates a and b regression co-
efficients for all four conditions: obs5 observed and gen5 generated.
For each regression, the Spearman’s correlation coefficient is also
noted. For all regressions and regression coefficients, p , 0.001.
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procedures, respectively, while it was 0.846 in the ob-
served data. In the RCP4.5 scenario, daily probability of
no rain increased to 0.844 and 0.841 for the unconstrained
and the constrained procedures, respectively. Finally, in
the extreme RCP8.5 scenario, both procedures presented
similar values of 0.844.
Daily Tmax probability distribution matched almost
completely observed daily Tmax distribution for both the
constrained and the unconstrained procedures (Fig. 9).
Median observed daily Tmax values were 18.88C. In a SPC
scenario, observed median daily Tmax values were 19.18
and 18.88C following the unconstrained and the con-
strained procedures, respectively. They increased to 20.48
and 20.68C, respectively, under an RCP4.5 forcing sce-
nario, and finally reached 22.48 and 22.98C, respectively,
under the extreme RCP8.5 climate forcing scenario.
4. Discussion and conclusions
We have described and tested RheaG WGA in four
contrasting climates from Iberian Peninsula. RheaG
accurately reproduces the statistical properties of the ref-
erence time series and is able to generate self-consistent
series of meteorological variables following preestablished
climate forcing scenarios. Given the intention behind the
RheaG model, which is to generate meteorological time
series to feed forest simulation models that run on a daily
basis, our results have shown that both the simulated
precipitation trends and the temperature probability
distributions matched the observed values in the field
when no further climate forcing—that is, SPC scenario—is
considered.
In addition, RheaG WGA is able to generate meteoro-
logical time series under climate forcing. Meteorological
time series generatedunder climate forcing take into account
both the observed climate data statistical properties and the
projected changes in those statistical properties—that is,
anomalies inmeanmonthly temperature and precipitation.
When new climate change projections will become avail-
able, RheaG outputs can be easily updated accordingly.
It is noteworthy the overall good agreement of gen-
erated time series to the observed monthly p(DD) and
FIG. 5. Comparison between spell length probability in days for observed probability (dashed line) and mean
(dots) and standard deviation (61 std dev; bars) of the five simulated climate time series for each of the four
validation locations. Spearman’s correlation coefficient is noted in each case. Inner plot indicates the difference of
probability in spell length, calculated as the observed climate series spell length probability minus the mean sim-
ulated climate series spell length probability.
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p(WW) values in all four locations, with correlations
ranging between 0.97 # R2 # 0.99 (Fig. 2). Moreover,
this good agreement in MM transition probabilities
for all locations also derive in highly correlated monthly
p(Rain) in all locations [0.96 # R2 # 0.99 (Fig. 1)]. In-
terestingly, in the case of Bilbao, RheaG is even able to
reproduce observed bimodal seasonal trend (Fig. 4) that
differentiates two climate seasons within Bilbao meteo-
rological time series. These two seasons, the warm—from
June to October—and the mild—from November to
May—affect the relationship between the month p(Rain)
and the month p(DD). During the coldest months, there
is a higher p(DD) for the same p(Rain). As p(DD) and
p(WW) are negatively correlated (Geng 1986), the trend
observed in Bilbao indicates a higher rain concentration
in fewer rain events during the mild period than during
warm period, in which rain spells are shorter and more
frequent. This different seasonal behavior in Bilbao
leads us to emphasize the importance of monthly char-
acterization of meteorological time series, rather than
just working with annual averages.
Rain spell length directly depends on the Markov
transition probabilitymatrix (Sonnadara and Jayewardene
2015), but it is not a direct input for the RheaGWGA.
Therefore, it can be used as an indicator of suitability
for the generated meteorological time series. Our
results show that observed and generated meteoro-
logical time series present a very close pattern of rain
spell length probabilities. Most of the inconsistencies
occur at 1-day spell length probabilities, with the
Sevilla climate having lower agreement and the Bil-
bao climate having greater agreement. On the other
hand, low-probability events are well represented in
all locations.
FIG. 6. (top) Evolution of annual cumulated precipitation (mmyr21) and (bottom) annual mean maximum
temperature (8C) for Barcelona, and for the two procedures of weather generation implemented in RheaG: (left)
the constrained one and (right) the unconstrained one. Different climate forcing scenarios are noted as follows in
each panel: SPC, solid black line; RCP4.5, solid gray line; and RCP8.5, broken gray line. Dotted lines indicate
reference time series mean values: mean annual precipitation5 602 mmyr21, annual meanmaximum temperature5
19.48C.
JANUARY 2019 NADAL - SALA ET AL . 65
Traditionally, temporal autocorrelations in precipitation
generation have been implemented in different WGA
using a broad range of algorithms: the simplest ones,
such as the used in RheaG WGA, are based on first-
order Markov probabilities. Including second-order
Markov probabilities has been found to better de-
scribe precipitation patterns and to minimize the in-
consistencies in 1-day rain spell lengths observed
when using only first-order Markovian matrices (e.g.,
Buishand 1978; Chen et al. 2012), at the expenses
of higher input parameter number. Recently, more
complex rain-cell clustering approaches (Rodríguez-
Iturbe et al. 1987), such as the Neyman–Scott rect-
angular pulses (NSRP; e.g., Kilsby et al. 2007; Burton
et al. 2010) or the Bartlett–Lewis rectangular pulses
(Onof et al. 2000) have also been developed. The latter
models have proven to better reproduce the 1-day auto-
correlation lag between rainy days than MM transition-
based models (Kilsby et al. 2007). Hence, they better
represent the 1-day lag between rain events than the
ones reported by RheaG WGA (Fig. 5). On the other
hand, no differences in mean monthly daily rainfall and
monthly proportion of dry days were observed between
MM-based and NSRP rain generation procedures
(Kilsby et al. 2007). Additionally, NSRP models, com-
paredwith themost simple first-orderMM-basedmodels,
are more expensive both in terms of parameter number
and in the required length of the input observed meteo-
rological time series (Ailliot et al. 2015). Therefore, in
RheaG WGA we opted to maintain an input parameter
number that was as low as possible in order to maximize
parsimony, as well as to allow the WGA to run with
shorter input observed climate time series.
Concerning to the two procedures of weather gener-
ation included in RheaG, the weather generation pro-
cedure that better reproduces both the annual and the
monthly variability in precipitation of the observed time
series is the unconstrained one. However, annual and
monthly values for meteorological time series generated
following this option are independent among sites and
scenarios, as there is no spatial or temporal autocorrelation
among time series generated. This leads to uncorrelated
monthly and yearly values for each one, despite all of them
maintaining equal statistical properties on the long run.
Thus, we consider that the unconstrained procedure is the
best and fastest option for independent one-site meteoro-
logical time series generation, as their meteorological time
series are more accurate and realistic.
On the other hand, the generation of meteorological
time series following the constrained procedure is more
computationally costly—it takes 2min to generate a
100-yr time series—than the unconstrained one, which
takes about 30 s per time series. In addition, monthly
FIG. 7. Monthly anomalies in precipitation [(P2 PMean)/PMean]
for Barcelona and for three meteorological time series gen-
erated following the (a) unconstrained and (b) constrained
procedures (n 5 200). Different independent time series are
noted with different symbols in each panel (1, D, s). Inner
tables indicate the Spearman’s correlation coefficient be-
tween monthly values for all three meteorological time series
analyzed. Interestingly, Spearman’s correlation in the un-
constrained procedure is close to zero, while in the constrained
one it is close to 1. (c) The three unconstrained (black dashed
lines) and the three constrained (gray dotted lines) meteoro-
logical time series monthly anomalies in precipitation density
distribution compared to the observed density distribution
(black solid line).
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precipitation values variability is more restricted, thus
obtaining monthly precipitation values only within a
given range (Figs. 7 and 8). Thus, this method does not
allow us to generate the low-frequency high monthly
precipitation events registered. However, it maintains
the same background yearly climatic variability signal
among time series. Keeping this background signal is
important when there is spatial autocorrelation within
generated meteorological time series, so monthly and
yearly climate variability background has to be equalized
FIG. 8. Monthly generated precipitation (mmmonth21) for Barcelona and for the two procedures considered in
RheaG for the three climate forcing scenarios considered: (top) SPC, (middle) RCP4.5, (bottom) RCP8.5. (left)
The values for the constrained procedure; (right) the results for the unconstrained one. For each month, rain
frequency distribution (shadowed area), meanmonthly precipitation (black dots), and meanmonthly precipitation
in the observed climate time series (black dashed lines) are shown.
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to all generated meteorological time series. A further im-
provement of the constrained procedure, according to
previous work on spatial autocorrelation of daily pre-
cipitation in the United Kingdom (Burton et al. 2013),
would be the training and implementation of lag-0 cross-
correlation-distance (XCD) double exponential algo-
rithms for the mandatory variables (i.e., P, Tmax, Tmin,
and Q), thus effectively describing the spatial autocor-
relation of meteorological data for a given region based
on the distance between meteorological stations. This
opens an interesting field of research, as we hypothe-
size that this algorithm should be able to be trained
at a monthly basis for Spain, if the amount of meteo-
rological stations available for this training is large
enough. If so, the capacity of RheaGWGA to generate
spatially autocorrelated monthly reference time series
at stations where its monthly values are unknown will
be substantially increased.
Hence, the two RheaG weather generation procedures
present an interesting trade-off between keeping the
background climate signal similar in a multiplot genera-
tion with the constrained procedure, and the higher
consistency with the observed annual precipitation vari-
ability obtained with the unconstrained one. Deciding to
use the constrained or the unconstrained version of the
RheaGWGA has to be carefully considered before each
RheaG application—that is, we recommend applying the
unconstrained procedure for generating climate time se-
ries for individual plots. When considering multiple plots
where climate is spatially autocorrelated, the constrained
procedure could be better as all meteorological time se-
ries generated maintain the same baseline monthly and
annual climate variability. Thus, the procedure selection
must be made wisely in accordance with the spatial scale
to which RheaG WGA is intended to work.
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A B S T R A C T
Mediterranean riparian forests are comparably humid environments that provide shelter for several broadleaved
deciduous tree species at their southernmost distribution margin. The stability of these communities, however, is
threatened by climate change as well as invasive tree species, such as black locust (Robinia pseudoacacia L.). So
far, black locust's European distribution appears to be mostly limited by low temperatures, but global warming
might enhance its growth in colder areas. Moreover, R. pseudoacacia can better access water from the phreatic
level than some native non-phreatophytic tree species such as European ash (Fraxinus excelsior L.). In this study,
we compare the performance of European ash, a native deciduous tree species at its southernmost distribution
border, with the invasive black locust, under a range of climate change projections, in a stand located at N.E.
Spain. We first use Bayesian inference to calibrate the GOTILWA + vegetation model against sap flow data for
both tree species. We then project each tree species’ performance under several climate change scenarios. Our
results indicate that increasing temperatures will enlarge black locust's vegetative period, leading to sub-
stantially increased annual productivity if the phreatic water table keeps reachable. For European ash, we
project a slight increase in productivity, but with higher uncertainty. Our findings suggest that black locust will
profit more from global warming than the native European ash, which is concerning because of the already
detrimental impact of black locust for the local ecosystems. We conclude that climate change has the potential to
stimulate black locust growth on Mediterranean riparian forests. Forest management should therefore include
mechanisms to avoid black locust establishment, such as avoid clear-cutting and maintaining closed riparian
forest canopies.
1. Introduction
Climate change is expected to substantially alter forest dynamics
during the 21th century. Where climate becomes unsuitable, trees
might respond either by short-term acclimation, long-term adaptation
in well-established tree populations, or to altitudinal and latitudinal
migrations in the case of small populations living in fragmentary ha-
bitats (Aitken et al., 2008; Walther, 2010; Van der Putten, 2012; Liang
et al., 2018). In addition to climate change, forest ecosystems have to
cope with deliberate or accidental human-mediated introduction of
new species. The swift increase in global trade and connectivity has led
to an increasing arrival of propagules into autochthonous ecosystems
(Meyerson and Mooney, 2007). While most of them are not capable of
invading well established ecosystems, some can, and the non-equili-
brium conditions created by climate change may render such invasions
(e.g. Hellmann et al., 2008; Kleinbauer et al., 2010; Dullinger et al.,
2017; Vitousek et al., 2017; but see Funk and Vitousek, 2007). There-
after, in order to assess the future fate of forest ecosystems, it is thus
crucial to consider climate-induced changes in species ecophysiological
traits that may enhance possible invaders proliferation.
Mediterranean riparian forests are a paradigmatic example of those
issues. These sub-humid ecosystems, which occur around small streams
in the Mediterranean climate zone, are characterized by particular
micro-climatic and hydrological conditions. Whereas most
Mediterranean forests grow under a strong water stress in summer,
which severely limits their growth during the dry season (see Palahí
et al., 2008, for a review), Mediterranean riparian tree species can
easily access groundwater supply (e.g. Singer et al., 2014), and are
therefore much less prone to water stress. The presence of a continuous
or a temporary stream-flow regime, and changes in groundwater table
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depth are crucial for riparian tree growth and development (e.g.
Thorburn and Walker, 1994; Singer et al., 2013; Sargeant and Singer,
2016). Furthermore, evaporation from river flow increases air water
vapor content and reduces the local atmospheric evaporative demand
(Lite and Stromberg, 2005), which is usually higher than water avail-
ability in Mediterranean ecosystems. Therefore, riparian areas act as
natural vegetation shelters for several deciduous tree species, which,
despite drought intolerant, are living surrounded by the semi-arid
conditions of the Mediterranean region (e.g. Singer et al., 2014;
Sargeant and Singer, 2016).
While the riparian environment provides better access to water, it
creates other challenges. Plants growing in these dynamic environments
must face periodical anoxic conditions in their deep fine root system
when changes in water table occur (Canham et al., 2012), and me-
chanical stresses during the highly recurrent floods (e.g. Naiman and
Decamps, 1997; Kreuzwieser et al., 2004; Naumburg et al., 2005).
Furthermore, although these habitats are protected under the European
Union Natura 2000 network (Natura 2000, 91EO* “Alluvial forests with
Alnus glutinosa and Fraxinus excelsior”), anthropogenic pressure on these
ecosystems is high, either directly by forest management (Stella et al.,
2013), or indirectly by water extraction and river flow regulation,
leading to forest degradation and species losses (e.g. Scott et al., 1999;
Lite and Stromberg, 2005; Dufour et al., 2007; González et al., 2010).
A further threat to Mediterranean riparian forests is invasion by
allochthonous tree species, such as black locust (Robinia pseudoacacia
L.). This tree species, originally from the Appalachian mountains, has
invaded European wetlands since the early 18th century, with in-
creasing expansion speed since the second half of 20th century (Vítková
et al., 2017). Black locust was considered the most problematic invasive
tree species in EU region during 2001–2010 decade (MCPFE, 2007),
and since then its distribution has increased Europe-wide (Vítková
et al., 2017). Despite its highly efficient water management strategy
(Nadal-Sala et al., 2017b), black locust prefers moist and warm en-
vironments. Due to its fast growth, it proliferates especially well after
human-induced disturbances, such as clear-cuts or other landscape al-
terations (e.g. Motta et al., 2009; Cierjacks et al., 2013). It also benefits
from natural disturbances frequently occurring in Mediterranean
streams. Moreover, the facultative phreatophytic behavior of black lo-
cust allows this tree species to outcompete both the autochthonous
phreatophytic tree species in the surroundings of the river stream, when
changes in phreatic water table occurs, and the autochthonous non-
phreatophytic tree species, some of them already water-limited as they
are growing at the southernmost border of their distribution, such as
European ash (Fraxinus excelsior L.), which grows in the steepest and
driest zones of the studied riparian forest (Nadal-Sala et al., 2017b).
Low temperatures often limit black locust's growth in Europe, thus
limiting its current distribution (e.g. Kleinbauer et al., 2010; Vítková
et al., 2017; Dydersky et al., 2018). However, ongoing climate change is
projected to increase overall temperature by 1.5–5 degrees by the end of
the 21th century, compared to the 1971–2000 reference period (IPCC,
2013; Brown and Caldeira, 2017). Additionally, worst-case scenarios
project reductions in precipitation of up to 30% by the end of the century
in southern Mediterranean (IPCC, 2013; Lionello and Scarascia, 2018), as
well as a higher concentration of rain events, increasing the probability
of severe droughts or floods (Serrano-Notivoli et al., 2018). This increase
in temperatures and disturbances regime is likely to promote black locust
expansion (Hellmann et al., 2008; Kleinbauer et al., 2010; Dydersky
et al., 2018), threatening to amplify its negative impacts on ecosystems,
which include: changes in soil stachyometry (e.g. Rice et al., 2004;
Medina-Villar et al., 2015; Buzhdygan et al., 2016), in-stream nitrogen
load (Lupón et al., 2017), and species composition (Peloquin and
Hiebert, 1999; Benesperi et al., 2012), all associated to elevated eco-
nomical costs for society (Andreu et al., 2009).
To better understand and prepare for such a scenario, the key
question is how well black locust will perform in Mediterranean eco-
systems under moderate to strong climate change, compared with
autochthonous tree species. Previous modeling efforts to examine this
question have focused on correlative distribution models (e.g. Dydersky
et al., 2018; Kleinbauer et al., 2010; Vilà et al., 2012), which are limited
in their ability to describe transient environmental dynamics, as well as
extrapolations to non-analogue climatic conditions. Process-based
models that would allow understanding the ecophysiological processes
driving the invasion of black locust are still poorly developed, mainly
due to the lack of reliable parameter estimates for black locust water
management strategies and phenological ch-aracteristics.
In this paper, we calibrate the process-based ecophysiological forest
model GOTILWA + for black locust and for European ash, to compare
the performance of these two key species under climate change. We
assume that their projected productivity and growth are indicative of
their future performance under climate change, although we realize
that mortality and regeneration might not always follow growth reac-
tions linearly. Model parameters were calibrated to measured sap flow
data, using Bayesian inference. We then used the estimated parameters
to project the performance of black locust and European ash under
several climate change scenarios.
We generally expect to find that: (i) low temperatures currently
limit black locust vegetative period compared to European ash, so an
increase in temperatures and atmospheric CO2 concentration, as pro-
jected for the Iberian Peninsula (IPCC, 2013; Vautard et al., 2014),
should enhance black locust growth; (ii) due to its facultative phrea-
tophytic behavior (Nadal-Sala et al., 2017b; Poblador, 2018), black
locust growth should be less restricted than European ash growth by
precipitation reduction; (iii) in an extreme climate change scenario,
tree growth might be limited due to swift increases in aridity; if so,
European ash would be more affected, as it is growing at the south-
ernmost border of its distribution. For either of these questions, we
analyzed the magnitude of the expected effect, and the level of climate
change at which greater impacts would be expected.
2. Material and methods
2.1. Study site description
Field measurements were performed in 2012 at the La font del
Regàs study plot, a riparian forest growing along the La Riera
d'Arbúcies stream, in the North-Eastern Spain, located within the limits
of the Montseny Natural Park (41° 49′ N, 2° 27′ E, 550 m.a.s.l.). La Riera
d'Arbúcies stream is a forested, permanent, low order, stream, tributary
of the La Tordera river. La Riera d''Arbúcies river catchment area is
14.2 km2, and it has steep slopes (28%). Substrate is dominated by
biotitic granite (Lupón et al., 2016). Soil throughout the study site is
sandy loam, slightly acid (pH = 6.7), with low rock content (< 13%)
and an average bulk density of 1.09 g cm−2 (Chang et al., 2014). Tree
community is mainly composed of four broadleaved deciduous tree
species, black alder (Alnus glutinosa (L.) Gaertn.), black poplar (Populus
nigra L.), European ash (Fraxinus excelsior L.), and black locust (Robinia
pseudoacacia L.). Black locust entered the site via a black poplar plan-
tation clear-cut about ~ 40 years ago, and has since become the most
abundant tree in the plot, making up nearly 50% of the total basal area.
Tree populations within the site are spatially structured, with black
alder and black poplar only growing in the surroundings of the stream
(0–4 m horizontal distance from the stream), where their roots can
easily reach the phreatic water table in order to supply their high
transpiration rates. European ash grows at > 7 m horizontal distance
from the stream, where its drought-tolerant behavior (Marigo et al.,
2000) allows this tree species to outperform both the drought-intoler-
ants black poplar and black alder tree species. Black locust, the al-
lochthonous tree species, is distributed all across the plot due to its
facultative phreatophytic behavior (Móricz et al., 2016; Nadal-Sala
et al., 2017b; Poblador, 2018).
We focus here on the zones of the site where only European ash and
black locust grow, as we expect these zones to be the most impacted by
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ongoing climate change. There, black locust, unlike European ash, is
able to mobilize a significant amount of water from the ground water
table during summer (Bernal et al., 2015; Poblador, 2018). Here we
assume that black locust will be able to maintain this water source
under climate change. There are two main reasons that justify this as-
sumption: the first reason is that groundwater levels showed almost no
seasonality during the 2011–2012 period, even considering that 2012
presented anomalously dry winter and spring seasons. Variation in the
groundwater table in 2012 in La font del Regàs was only about
ca. ~ 20 cm between early spring and late summer (Chang et al., 2014;
Poblador et al., 2017). The second reason is that black locust is able to
develop deep coarse roots, with reported maximum rooting depths of
ca. ~ 8 m (Bunger and Thomson, 1938). We therefore assume that black
locust will be able to acclimate its rooting depth to minor increases in
underground water table depth in La font del Regàs plot, where un-
saturated soil depth is only ca. ~ 0.95 cm.
2.2. Meteorological data and climate change projections
Daily meteorological data for the 2011–2012 period was obtained
from a nearby meteorological station located at approximately 900 m
distance from the study site. The meteorological station measured air
temperature and air relative humidity, solar radiation, photosynthetic
active radiation (PAR), solar heat flux, rainfall, and wind’s speed in a
10-seconds basis, and it registered the 15-min average in a data-logger
(CR1000 Data-logger and AM16/32 Multiplexers, Campbell Scientific,
Inc., Logan, UT, USA). Vapor pressure deficit (VPD) was calculated
from air temperature and air relative humidity. Hourly potential eva-
potranspiration (PET, in mm h−1) was obtained using the Penman-
Monteith equation (Allen et al., 1998). Gaps in the precipitation record
due to pluviometer failure were filled by linear regression (p < 0.01,
R2 > 0.8) with nearby Arbúcies meteorological station (distance equal
to c.a. ~ 3 km eastward).
To obtain climate change scenarios, we generated 90-years long
daily meteorological time-series for the La font del Regàs stand with the
RheaG Weather Generator (Nadal-Sala et al., 2019), using the
1991–2010 period record data as a reference (Ninyerola et al., 2007a;
2007b), under three climate forcing scenarios (RCP): (1) no further
climate forcing, hereafter referred as RCP 0.0. This climate scenario
considers that climate seasonality, mean monthly precipitation and
mean monthly temperature equal to the reference period, and therefore
future change patterns are equivalent to historical register. (2) RCP 4.5
(moderate forcing) and (3) RCP 8.5 (extreme forcing) climate forcing
scenarios, (IPCC, 2013). For each RCP, we selected three different GCM
projections from a database available via AEMET (Spanish Agencia
Estatal de Meteorología, http://www.aemet.es). It contains projected
monthly precipitation, maximum temperature and minimum tempera-
ture projections from 2006 to 2100 for RCP4.5 and RCP4.5. The three
selected GCMs were HadGEM2-ES (HadGEM2, Jones et al., 2011), IPSL-
CM5A-LR (CM5A, Dufresne et al., 2013), and MPI-SM-LR (MPI,
Giorgetta et al., 2013). Fig. 1 represents the monthly mean values in the
reference period, as well as the anomalies for each GCM and RCP by the
end of century. We assumed a linear increase in monthly anomalies in
maximum temperature, minimum temperature and percent of pre-
cipitation along the projected period for each GCM.
There was no clear pattern in the increase in aridity of climate
change for different GCMs and considered: while for RCP 4.5
HadGEM2-ES predicted the most drastic change, for RCP 8.5 the most
arid projections occurred for IPSL-CM5A-LR. We therefore interpret the
GCMs essentially as a source of uncertainty.
2.3. Sap flow and active sapwood area measurements
Sap flow measurements were performed using 20 mm-long self-
made constant Thermal Dissipation (TD) sensors, calibrated following
Granier (1985, 1987) (see the details in Nadal-Sala et al. (2017b)).
Natural thermal gradients were accounted for, although their impact
was small, representing less than 1% of sap flow signal during all the
monitoring period. To avoid incorrect reference increment in tem-
peratures due to night sap flow, we followed Oishi et al. (2008) in
taking into account only the reference increment in temperatures
during night, if VPD is lower than 0.1 kPa during eight consecutive
measurements, and if the standard deviation for the eight last values of
instantaneous heat increment did not exceed the 0.5% of the mean
value.
During 2012 growing season, we monitored 9 black locust trees and
5 ash trees representative of the different DBH classes distribution for
each tree species (DBH = black locust = 21.6 ± 3.5 cm; European
ash = 20.3 ± 5.0 cm, mean ± SD). European ash trees were located at
the hill slope. Black locust trees were located all across the plot, as black
locust individuals presented similar sap flow values independently of
their distance to the river (Nadal-Sala et al., 2017b). Mean daily sap flow
values per sapwood area (Js, in l dm−2 day−1), were obtained by aver-
aging daily sap flow values for all individuals for a given tree species.
After the experiment, each monitored tree's sapwood depth was mea-
sured “in situ” by core extraction. Sapwood depth for ash trees was
2.6 ± 0.5 cm, while for black locust was 2.8 ± 0.7 cm (mean ± SD).
Therefore, as sensors were inserted completely to active sapwood, no
further corrections in Js due to inactive xylem inclusion in measurements
were needed (Clearwater et al., 1999).
For six individuals for each tree species, with DBH covering all DBH
classes present in the stand, active sapwood area (As, in dm−2) was
stained by dye injection according to Foulger (1969). Visual identifi-
cation of stained wood area in a wood core obtained with a Pressler
borer allowed us to estimate As. Then, we correlated individual tree As
with DBH by an allometric equation [described in more detail in Nadal-
Sala et al. (2017b)] to extrapolate As for all individuals in the stand.
Although we did not check for possible within-tree radial variations in
Js (e.g. Poyatos et al., 2007; Cohen et al., 2008), as well as for possible
variations of Js with sapwood depth (e.g. Čermák et al., 1992; Granier
et al., 1994; James et al., 2002), the length of the sensor used, which
almost covered the entire thickness of active sapwood, meant that as-
suming homogeneous Js values for all As should have been a good ap-
proximation, as has been assumed in similar stand-scale transpiration
quantification approaches (e.g Bréda and Granier, 1996; Wang et al.,
2010; Zhang et al., 2015). Hence, stand transpiration (E, in mm) was
calculated by multiplying tree species cumulated As by mean species Js.
It is noteworthy here that the variable used for GOTILWA + inverse
modeling was daily Js (see description below) rather than stand E,
which was only accounted in the present work for GOTILWA + simu-
lations validation purposes.
2.4. Modelling phreatic water uptake in GOTILWA+model
To project ecophysiological responses of black locust and European
ash under global warming conditions, we selected the process-based
forest dynamic simulation model GOTILWA + model (Growth Of Trees
Is Limited by WAter, http://www.creaf.uab.es/gotilwa/, Gracia et al.,
1999; Keenan et al., 2009; Fontes et al., 2010; Nadal-Sala et al., 2017a).
It simulates daily carbon and water fluxes through a mono-specific
forest stand. It allows to include forest management and transient cli-
mate conditions. GOTILWA's performance concerning carbon and water
fluxes has been extensively validated in different European forests (e.g
Kramer et al., 2002; Morales et al., 2005; Gracia et al., 2007; Keenan
et al., 2009; Keenan et al., 2010). Also, the model has been widely used
for projecting forest performance across Europe (e.g. Sabaté et al.,
2002; Keenan et al., 2010; Keenan et al., 2011; Reyer et al., 2017;
Bugmann et al., 2019).
In summary, photosynthesis in GOTILWA + is based on the
Farquhar model (Farquhar and Von Caemmerer, 1982), modulated by
soil water availability at biochemical level (i.e. limitation in Vcmax and
Jmax as soil dries) (e.g. Keenan et al., 2009; Keenan et al., 2010; Drake
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et al., 2017). Photosynthesis is internally coupled to Leuning's stomatal
conductance model (Leuning, 1995). Leaf energy balance is calculated
following Gates' Foliar Energy Balance (Gates 1962, 1980). Further-
more, the start and end of the growing season are implemented as a
threshold of cumulated temperature according to Leinonen (1997).
GOTILWA + divides the soil into two compartments. The un-
saturated compartment, which interacts directly with precipitation and
evapotranspiration, and the saturated compartment. The latter re-
presents the water saturated layer of the soil due to the influence of an
underground flow. The model assumes that soil water content (SWC, in
mm) in saturated layer is always equal to field capacity, whereas in
unsaturated layer SWC varies dynamically during the year. Tree po-
pulation interacts with both zones by a coefficient of fine root fraction
present in the saturated zone (α). It ranges from 0 to 1, with values of 0
for strict non-phreatophytic tree species and 1 for strict phreatophytic
tree species. Available soil water content (SWCa, in mm) is calculated
hourly according to Eq. (1):
= +SWC SWC SWC(1 )a U s (1)
where SWCU is the SWC in unsaturated soil, in mm, and SWCS is the soil
water content in the saturated compartment, in mm. Eq. (1) implies
that trees capable to uptake water from the phreatic layer will have
more favorable water balances than the trees that don't, as their SWCa
will be always higher for the same SWCU.
As GOTILWA + only works with mono-specific stands, we simu-
lated two separate stands for black locust and European ash, under
identical soil characteristics and meteorology, in order to compare tree
species behavior. As such, we don’t account for biotic interactions that
may occur in mixed stands which could alter forest processes compared
to pure stands (e.g. Boulangeat et al., 2012; Liang et al., 2018). We
deliberate possible limitations of this in the discussion.
In our projections, we assumed that initial tree density in both
stands was 737 trees ha−1, corresponding to the sum of the densities for
each tree species in the original plot (Nadal-Sala et al., 2017b). No
mortality for black locust nor European ash was observed during the
measurements, and we included this information as an observation in
our model calibration (see below).
Farquhar's model photosynthetic parameters for European ash
where set to Vc,max = 76.6; Jmax = 140; Rd = 1.15 [adapted from
Kattge and Knorr (2007)]. For black locust, photosynthetic parameters
were set to Vc,max = 66.7; Jmax = 97.6; Rd = 0.7, according to “in situ”
field measurements (Sperlich, unpublished data). Rubisco Kc, Ko, and
CO2 compensation point were considered temperature-dependent for
both tree species, with activation and deactivation energies obtained
from Bernacchi et al. (2001). Stand structure and allometric relations
parameters for both tree species were obtained from Catalan Forest
Inventory (IEFC, Gracia et al., 2004). See Supplementary Material SM
Table 1 for further details.
2.5. Inverse calibration of GOTILWA+ parameters
Similar to comparable eco-physiological models, GOTILWA + contains
a large number of parameters. For many of these, it is unfeasible to derive
exact (and possibly site-specific) values from field measurements or the
literature.
Bayesian model inversion, referring to the calibration of model
parameters to match the measured field data [Ellison (2004) ; see
Hartig et al. (2012) for a review] has proven a useful tool in this
Fig. 1. Visualization of climate change scenarios. (a) Determination of monthly ΔP (in annual % ΔP), for La font del Regàs stand. This particular example obtains the
ΔP for December, the RCP 8.5 and the GCM MPI. Black dot indicates La font del Regàs stand location. (b) Monthly precipitation (mm·month−1) and monthly mean
temperature (°C) for the 1981–2010 period. Upper-right panels represent monthly ΔP (in %·year−1) for the three different GCMs (solid line HadGEM2, dashed line
MPI, and dotted line CM5A) and the RCP4.5 – (c) -, and the RCP 8.5 – (e) -. Lower panels represent the monthly century increase in temperature (°C·century−1), for
the three different GCMs and the RCP4.5 – (d) -, and the RCP 8.5 - f).
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situation (e.g. O'Hara et al., 2002; Purves et al., 2007; Hartig et al.,
2014; Lagarrigues et al., 2015). Advantageously, Bayesian calibration
procedure allows to consider not only model fit, but also prior in-
formation about model parameters. Moreover, it also provides an esti-
mate of uncertainty for each model parameter and the resulting model
predictions (Van Oijen et al., 2005; Hartig et al., 2012).
Technically, the parameters estimate is obtained via Bayes formula
=p D p D p
p D
( | ) ( | )· ( )
( ) (2)
which states that the Bayesian posterior probability p(Θ|D) for any
parameter combination is proportional to the fit of the model with the
respective parameters, expressed by the likelihood p(D|Θ), multiplied
by the prior probability of the respective parameter combination p(ϕ).
The posterior distribution p(Θ|D) can usually not be obtained analyti-
cally and must therefore be approximated numerically, with Markov-
Chain Monte-Carlo (MCMC) being the most common methods. We used
the Differential-Evolution MCMC with memory and snooker update
(DEzs, teerBraak and Vrugt, 2008), implemented in the BayesianTools R
package (Hartig et al., 2017).
For all parameters included in the calibration, we specified unin-
formative uniform priors, with boundaries determined by expert judg-
ment and previous sensitivity analysis of specific parameter perfor-
mance (Table 1).
Our likelihood function (i.e. measuring model fit) contained two
parts (i) as no tree mortality was observed in the field, we set the
likelihood to zero if the model predicted tree mortality. This effectively
excludes all parameter values that would produce mortality for the tree
species during 2011–2012 period. The second part of the likelihood
measures the fit of the model to sap flow data. The most common choice
to model the discrepancy between model and data is the normal dis-
tribution, but this choice is sensitive to outliers, which are often found
in ecophysiological data. Fatter-tailed likelihoods, like the Student-t
Distribution are often better supported by the data (e.g. Augustynczik
et al., 2017). Here, we used a similar robust approach, a double-ex-
ponential (Laplace) error distribution (Eq. (3)), resulting in a likelihood
function
p D e( | ) x (3)
where x is the absolute value of the residual |Observed - Simulated| for
each individual observation, and λ is the rate parameter.
To compare model and data, we simulated forest dynamics for 2011
and 2012 with GOTILWA + under “in situ” meteorological conditions.
We then compared GOTILWA + simulated transpiration per sapwood
area, an estimate of sap flow (Js, in l dm−2 day−1) against 2012
growing season Js, measured as described in Section 2.3.
We ran three independent DEzs MCMCs with 200 k iterations each
for each tree species. Runtime for each calibration was in the order
of ~ 5 days. We discarded 50 k iterations as burn-in, and tested con-
vergence of the remaining parts of the chains via Gelman-Rubin con-
vergence diagnostics (Gelman and Rubin, 1992), requiring multivariate
potential scale reduction factors < 1.1 (Brooks and Gelman, 1998).
The exact values were 1.08 for R. pseudoacacia and 1.01 for F. excelsior.
2.6. Analysis of the calibrated model
To obtain the posterior predictive distributions under the different
climate scenarios, we sampled 1000 parameter combinations from the
posterior and calculated the posterior predictive distribution (hereafter
referred as PPD). This procedure forwards parametric uncertainty to the
model outputs. When PPD is shown, results are provided in median
values with 10–90% Credible Intervals (CI). However, in order to make
results more easily understandable, we sometimes only report median
values of the posterior predictive distribution.
To assess model fit, we fit linear models between daily median
modeled sap flow (Js, in l dm−2 day−1) and observed Js, and median
modeled soil water content at 0.95 m depth (SWC, in mm) against ob-
served SWC, obtained from linear extrapolation to 0.95 m depth the
continuous measurement of SWC within the first 30 cm of the soil
(CS616, Campbell Scientific sensor) during year 2012 (see Nadal-Sala
et al. (2017b) for further details). Additionally, we ran a generalized
additive model (R package gam, Hastie (2018))) between mean annual
transpiration and mean annual VPD during 2071–2100 period for the
seven different RCP·GCM scenarios to compare the different responses
of transpiration for black locust and European ash's stands to increases
in atmospheric evaporative demand.
All analyses were performed with R software (R Development Core
Team, 2008, Version 3.4.0).
3. Results
3.1. Bayesian inverse parameterization of the GOTILWA+model
The calibrated parameters for European ash and black locust dif-
fered mostly concerning phenology (i.e. Tmin, Tmax and Inertia) and
water uptake from the phreatic compartment (Phreatic α, Table 2).
Black locust obtained higher Tmax and Tmin parameter estimates than
European ash. Additionally, estimated values of Phreatic α suggests that
it is able to obtain water from the phreatic compartment, whereas
European ash is not. Smaller differences were found for leaf area in
closed forests, with slightly higher values for black locust than for
European ash. Little or no differences were found for Leuning's model
parameters, as well as for the sensitivity to soil water content decreases.
In summary, European ash transpiration was found to be slightly
more responsive to increases in VPD and decreases in SWC than black
locust. However, the uncertainty contained in parameters determining
tree species' responsiveness to drought lead to considerable uncertainty
regarding performance under climate change, especially for European
ash (see Section 3.3).
There is a strong negative correlation between Leuning constant and
gsDO in posterior parameter estimates (−0.70 in black locust and
−0.48 in European ash, see Fig. 2), likely caused by the fact that both
parameters enter the same equation of the Leuning model, but with
Table 1
List of parameters calibrated for R. pseudoacacia and F. excelsior. Lower and
upper boundaries for each uniform distribution are noted for each parameter.
Leuning is the Leuning's constant, dimensionless, gsDO is an empirical constant
of the Leuning model (Leuning, 1995) in kPa, that is inversely related to sto-
matal conductance responsiveness to VPD. SWCgs0 is the soil water content
threshold below which stomatal conductance completely limited by SWC (in %
of the water filled porosity), SWCgsmax is the upper threshold above which gs
is not limited by SWC (in % of the water filled porosity). LAI_closed is the LAI in
closed canopies (in m2 m−2). MinT and MaxT are the minimum and maximum
temperatures for the Leinonen phenology model, in °C; Inertia is the thermal
inertia -i.e. the weight that past temperatures are affecting current phenological
state- of the Leinonen model (Leinonen, 1997). Phreatic α is the fraction of fine
roots in the phreatic layer, according to (Eq. (1)). Lambda is the exponential
error rate parameter (Eq. (3)).
Parameters R. pseudoacacia F. excelsior
Lower Upper Lower Upper
Leuning (dimensionless) 1.0 3.0 1.0 3.0
gsDO (kPa) 1.5 2.0 1.5 2.0
SWCgs0 (% WFP) 5.0 15.0 5.0 30.0
SWCgsmax (% WFP) 45.0 55.0 40.0 80.0
LAI_closed (m2 m−2) 2.5 3.5 2.5 4.5
MinT (°C) 12.0 14.0 8.0 12.0
MaxT (°C) 18.0 21.0 14.0 20.0
Inertia 2.5 3.0 2.0 3.0
Phreatic α(fraction) 0.1 0.35 Not included Not included
Lambda 0.1 0.5 0.1 0.5
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opposite effects. Leuning himself (Leuning, 1995) already discussed this
particularity of his model. Also, slight negative correlations in the
posterior for Leuning's constant and LAI_closed are found (−0.24 and
−0.28, for black locust and European ash, respectively, see Fig. 2).
Finally, a strong inverse correlation between MinT and MaxT, two
parameters that perform in the same formula with inverse effects
(Leinonen, 1997), was observed for black locust (−0.86, Fig. 2).
3.2. Model agreement with observed data
Modeled Js values match well observed data for both tree species,
both in their values and in their seasonal pattern (Fig. 3). The model
captures the pattern of earlier sap flow mobilization of European ash
during early spring with slight sap flow reductions during summer, as
well as a peak during mid-summer for black locust. It also projects a
shorter vegetative period for black locust than for European ash in year
2012. Numerically, black locust Js was somewhat better predicted
Table 2
Posterior parameter estimates for Robinia pseudoacacia and Fraxinus excelsior,
obtained from Bayesian calibration of GOTILWA + against measured sap flow
data in La font del Regàs stand (for parameter definitions, see Table 1).
Parameters R. pseudoacacia F. excelsior
2.5% CI median 97.5% CI 2.5% CI Median 97.5% CI
Leuning (unitless) 1.78 1.84 1.93 1.8 1.96 2.24
gsDO (kPa) 1.67 1.91 2.00 1.51 1.75 1.99
SWC_gs0
(% WHC)
5.2 9.0 14.4 5.6 16.9 28.8
SWC_gsmax
(% WHC)
45.2 48.1 54.3 41.0 59.6 79.2
LAI_closed
(m2 m−2)
3.1 3.2 3.2 2.5 2.9 3.6
MinT (°C) 12.2 13.0 13.7 8.0 8.0 8.1
MaxT (°C) 18.5 19.6 20.9 19.0 19.6 20.0
Inertia 2.5 2.6 2.9 2.0 2.1 2.2
Phreatic α
(fraction)
0.10 0.10 0.12 – – –
Lambda 0.11 0.28 0.49 0.11 0.30 0.49
Fig. 2. Correlations > 0.2 in the posterior distribution for Robinia pseudoacacia (left), and Fraxinus excelsior (right). For each parameter combination, bars represent
marginal parameter distribution in the posterior, dots indicate dispersion between the two parameters compared, with an increasing density according to the “heat”
color palette (blue < green < yellow < orange < red), and a smoothed correlation line. Correlation coefficients are noted within the white boxes.
Fig. 3. Comparison between GOTILWA + simulated sap flow values under
observed climate data (l dm−2 day−1, 1k samples from the posterior) and ob-
served values during year 2012, for Robinia pseudoacacia (upper panel), and for
Fraxinus excelsior (lower panel). Observed sap flow data (solid lines), median
daily sap flow simulated values from 1 k samples of the posterior (black dots),
10–90% CI (grey polygons). Inner panels show the agreement between median
sap flow values and observed values. Black solid line is the regression line,
while grey dashed line is the 1:1 line. For each tree species least squares re-
gression coefficients, spearman's correlations and RMSE are noted. ns = no
significant; * = p < 0.05; ** p < 0.01; *** p < 0.001.
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(R2 = 0.84, RMSE = 1.94) than European ash's (R2 = 0.63,
RMSE = 2.29) after GOTILWA + Bayesian inverse calibration. Fur-
thermore, larger parameter uncertainty in European ash's posterior
resulted in more uncertain daily Js predictions.
GOTILWA + slightly overestimates soil water content (SWC, in mm)
during late-spring to early-summer (Fig. 4), while almost matched SWC
observations from summer to late-autumn. The agreement with ob-
servations was better for European ash (R2 = 0.84, RMSE = 18.6) than
for black locust (R2 = 0.77, RMSE = 24.1).
Concerning phreatic water uptake, simulations resulted in median
values of 9.4 ± 1% of black locust's transpiration supplied from the
phreatic layer during year 2012 late-spring (DOY 151–180, Fig. 5), that
increased up to 17.4 ± 1% of transpiration during summer (DOY
241–270). During year 2012, simulated black locust phreatic water
uptake reached values of 11.5 ± 3.7% of transpiration.
Finally, simulated individual basal area increment (BAI, in
cm2 tree−1 year−1) during year 2012 was 8.3 ± 0.4 (Mean ± SD) for
black locust. This value falls within the range of 10.1 ± 2.1 reported
by Nadal-Sala et al. (2017b). Similarly, simulated European ash's BAI of
7.6 ± 0.4 were also within the measured BAI of 9.3 ± 2.0.
3.3. Growth and transpiration projections under climate change
Modeled gross primary production (GPP, in Mg ha−1 year−1) was
higher in European ash than in black locust under current climate (RCP
00, Table 3). However, at increasing severity of climate change, GPP
was projected to increase swifter for black locust (+27% in RCP 4.5,
+70% in RCP 8.5) than for European ash (+18% in RCP 4.5, +53% in
RCP 8.5) during the 2071–2100 period. In addition, European ash's GPP
performance under climate change was found to be more uncertain
than black locust's one. Furthermore, in European ash parametric un-
certainty in GPP estimates offsets GCM uncertainty in all RCP (Fig. 6).
Simulations suggested a slight increase in transpiration for
European ash as the severity of climate change increases (ΔE = +4%
and + 7% in RCP 4.5, RCP 8.5, respectively, at 2071–2100 period,
Table 3, Fig. 7), with higher transpiration increases for black locust
(ΔE = +15% and + 29% in RCP 4.5 and RCP 8.5, respectively).
The different response of E and GPP of the two species translated
into different changes in WUE, with higher projected WUE increases
along the 21th century for European ash (ΔWUE at 2071–2100
period = +13% and + 43% for RCP 4.5 and RCP 8.5, respectively,
table 3) than for black locust (ΔWUE at 2071–2100 period = +11%
and + 36% for RCP 4.5 and RCP 8.5, respectively).
Moreover, modeled results imply that phreatic water uptake will
grow in importance for black locust under climate change, as the fraction
of its annual total transpiration directly depending on the phreatic water
reserve increased (PWU at RCP 00 during 2071–2100 = 11.6% of total
transpiration; RCP 4.5 = 13.8%; RCP 8.5 = 16%).
As temperature increases, both tree species increase the length of
their growing season (LGP, in days year−1, table 3). However, when
comparing E and GPP per day of the growing season, simulations suggest
a decrease in E per day in European ash as intensity of climate change
increases (RCP 00 = 1.05 mm day−1; RCP 4.5 = 0.98 mm day−1; RCP
8.5 = 0.91 mm day−1), conversely, projections suggest an increase in
GPP per day (RCP 00 = 108 kg ha−1 day−1; RCP 4.5 =
116 kg ha−1 day−1; RCP 8.5 = 134 kg ha−1 day−1). Contrastingly, black
locust's simulations suggest a slight increase in E per day of growing
season under climate change (RCP 00 = 1.13 mm day−1; RCP
4.5 = 1.17 mm day−1; RCP 8.5 = 1.14 mm day−1). Additionally, an
increase of its GPP per day of growing season is also projected under
climate change (RCP 00 = 115 kg ha−1 day−1; RCP 4.5 =
132 kg ha−1 day−1; RCP 8.5 = 156 kg ha−1 day−1).
Finally, European ash's basal area per ha (BA, in m2 ha−1) is pro-
jected to be 18.0 ± 6.8 m2 ha−1 at year 2100 and under RPC 0.0
Fig. 4. Comparison between GOTILWA +
simulated soil water content (SWC, in mm)
for both tree species (F. excelsior, blue, upper
right panel; and R. pseudoacacia, red, lower
right panel), and measured SWC in La font
del Regàs stand, at 0.95 cm depth. In order
to obtain SWC simulated data for each tree
species, we sampled each posterior 1 k
times, and we then calculated the daily
median value. In left plot, dots represent
daily SWC data, while lines represent
median daily SWC estimates for both tree
species. Right panels indicate the goodness
of fit between simulated median and ob-
served values for both tree species. Black
solid line is the regression line, while grey
dashed line is the 1:1 line. For each tree
species SWC, least squares regression
coefficients, spearman's correlations and
RMSE are noted. ns = no significant;
* = p < 0.05; ** p < 0.01; ***
p < 0.001.
Fig. 5. Evolution of simulated fraction of transpiration obtained from the
phreatic water table (mm mm−1) during year 2012′s vegetative period for black
locust. Results were obtained from 1 k samples of simulated posterior dis-
tribution. Median simulated values (solid black line) and 95% CI (shadowed
area) are noted.
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(Fig. 8). At increasing severity of climate change, median BA at 2100
increases for European ash (i.e. + 10% in RCP 4.5, +58% in RCP 8.5).
On the other hand, black locust's median BA at year 2100 reaches va-
lues of 26.5 ± 2.0 m2 ha−1. Additionally, black locust's BA increases
its median BA at 2100 under climate change [+35% in RCP 4.5, 77% in
RCP 8.5]. It is noteworthy that the RCP8.5-GCM CM5A, the most ex-
treme combination of RCP·GCM [ΔP = −230.8 mm year−1 (−34%),
ΔTmean = +3.8 °C (+26%) by the year 2100], consistently presents
considerable lower median BA values for both tree species than other
RCP 8.5·GCM combinations.
4. Discussion
We used Bayesian inference to calibrate GOTILWA + process-based
forest simulation model for European ash and black locust forest stands
from “in situ” sap flow measurements. We then used the calibrated
model to project the performance of the two separated tree species
under seven different climate change scenarios along 21th century in
the La font del Regàs stand. Our results suggest that black locust growth
would benefit more than European ash under all considered climate
Fig. 6. Simulated annual gross primary production (GPP, in Mg ha−1 year−1)
for F. excelsior (upper plot) and R. pseudoacacia (lower plot), for the 2011–2100
period under different climate change scenarios. Thick solid lines and shadowed
area represent predictive posterior distribution (PPD). RCP 00 is the baseline
scenario, PPD = 1 k. RCP 4.5 is the moderate climate change scenario,
PPD = 3 k, that integrates the following RCP·GCMs (RCP4.5-MPI, RCP4.5-
HadGEM2 and RCP4.5-CM5A). RCP 8.5 is the extreme climate change scenario,
PPD = 3 k, that integrates the following RCP·GCMs (RCP8.5-MPI, RCP8.5-
HadGEM2 and RCP8.5-CM5A). Right violin plots (dots = median values;
boxes = 1SD values; shadowed area = 95% CI area) indicate mean GPP for
2091–2100 period distributions for the different RCPs (3 k simulations each,
except for the RCP 00, with 1 k samples) and the different RCP-GCMs (1 k si-
mulations each).
Fig. 7. Correlation between simulated mean annual transpiration (E, in
mm year−1) and mean annual vapor pressure deficit (D, in kPa) during
2071–2100 period for black locust (red crosses) and European ash (blue dots),
for the seven climate scenarios considered. Shadowed area corresponds to es-
timates for a GAM analysis (“gam” package, mean ± 2 SE) between E and D,
with a maximum of 2 degrees of freedom. Percent reduction in deviance respect
to the null model was 81% in black locust and 5% in European ash. For both
parameters, ANOVA of parametric effects was statistically significant
(Fash = 95.1, Flocust = 25425, p < 0.001, n = 7000).
Fig. 8. Simulated basal area (BA, in m2 ha−1) for F. excelsior (upper plot) and R.
pseudoacacia (lower plot), for the 2011–2100 period under different climate
change scenarios. Thick solid lines and shadowed area represent predictive
posterior distribution, (PPD). RCP 00 is the baseline scenario, PPD = 1 k. RCP
4.5 is the moderate climate change scenario, PPD = 3 k, that integrates the
following RCP·GCMs (RCP4.5-MPI, RCP4.5-HadGEM2 and RCP4.5-CM5A). RCP
8.5 is the extreme climate change scenario, PPD = 3 k, that integrates the fol-
lowing RCP·GCMs (RCP8.5-MPI, RCP8.5-HadGEM2 and RCP8.5-CM5A, 1 k si-
mulations each). Right violin plots (dots = median values; boxes = 1SD values;
shadowed area = 95% CI area) indicate BA at year 2100 distributions for the
different RCPs (3 k simulations each, except for the RCP 00, with 1 k samples)
and the different RCP-GCMs (1 k simulations each).
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change scenarios, due to productivity gains driven by increasing at-
mospheric CO2 concentration and an enlargement of its vegetative
period (Table 3, Figs. 6 and 8).
4.1. Parameter estimation and validation of model projections
The Bayesian calibration reduced uncertainty on model parameters,
albeit to varying degree. For instance, the parameterization of the simple
ecodormancy Leinonen model (Leinonen, 1997) provided realistic esti-
mates about the differences in the start of the vegetative period between
European ash and black locust during year 2012 (Nadal-Sala et al., 2017b,
Fig. 3). Consistently, a reduced vegetative period for black locust com-
pared to autochthonous tree species in three central Spain stands under
current climate was already observed by Medina-Villar et al. (2015).
Estimated transpiration for both black locust (178 ± 5 mm) and
ash tree (217 ± 22 mm) stands matched well with observed values of
transpiration (211 mm) during 2012 growing season (Nadal-Sala et al.,
2017b). Also, simulated mean LAI values during August 2012
(3.2 ± 0.06 and 3.0 ± 0.26 for black locust stand and European ash
stand, respectively) are close to “in situ” measured LAI of about
3.5 m2 m−2 (Poblador, 2018).
Moreover, calibration determined slightly higher Leuning constant
and gsDO in European ash than in black locust, which fits to reports of
the European ash's transpiration being highly responsive to VPD in-
creases (e.g. Köcher et al., 2009; Nadal-Sala et al., 2013), possibly an
adaptive trait of this tree species located in the southernmost border of
its distribution, thus minimizing its water loss at high evaporative de-
mands by strong stomatal regulation (Marigo et al., 2000).
Observed 2012 summer reductions in transpiration due to
reduced soil water availability were adequately captured by GOTILWA +
simulations. “In situ” sap flow measurements showed that ash tree's Js was
limited when SWC < 0.08 gH2O gsoil−1 in La font del Regàs stand (Nadal-
Sala et al., 2017b). Moreover, European ash transpiration is described to be
highly responsive to decreases in soil water availability (e.g. Marigo et al.,
2000; Lemoine et al., 2001; Medlyn et al., 2001; Grassi and Magnani, 2005;
Zhou et al., 2014). However, marginal posterior distribution for parameters
related to European ash responsiveness to drought were extremely wide,
which forwarded into elevated parameter uncertainty in our model pro-
jections. We attribute this elevated uncertainty to the low amount of data
available to calibrate European ash tree's response to drought. Besides,
elevated daily mid-spring transpiration rates observed in European ash
stand (DOY 150–180 median = 1.4 mm day−1), together with no SWC
recharge through rain input, converged to swift soil water depletion in-
dependently of parameter combination for European ash responsiveness to
drought, which may have increased the uncertainty within our parameter
estimates.
Conversely, no response to reduced SWC was observed for black
locust in the field nor in the simulations. Although being consistent
with observations (Fig. 3), that fact translated into high uncertainty in
marginal posterior distribution estimates for parameters related to
black locust responsiveness to drought.
Finally, both tree species overestimate SWC values during early-
spring (Fig. 4). SWC observations include early-spring SWC depletion
driven by understory transpiration before bud burst and tree leaf ex-
pansion, when radiation reaches the understory layer (e.g. Loustau and
Cochard, 1991; Dubbert et al., 2014). GOTILWA + simulations only
accounted for tree layer transpiration, so the effect of understory to
overall transpiration was not accounted. Accordingly, the fit of simu-
lations to observed SWC improved notoriously for both tree species
during summer and autumn, when forest canopies were completely
closed and evapotranspiration occurred mostly at the canopy level.
4.2. Black locust and European ash's responses to climate change
Increases in atmospheric CO2 are projected to globally enhance
forest productivity (e.g. Field et al., 1995; Norby et al., 2005; Keenan
et al., 2013). Furthermore, increases in temperature are projected to be
beneficial to black locust growth and expansion (e.g. Kleinbauer et al,
2010; Dydersky et al., 2018). In our study, considered increases in
temperature and atmospheric CO2 concentration for all climate change
scenarios implied a fertilizing effect in photosynthesis, that translated
in increases in both annual photosynthesis and stand BA stocking ca-
pacity (Figs. 6 and 8, respectively), for both black locust and European
ash. This trend was maintained in all climate change scenarios except
the extreme RCP 8.5-HadGEM2 (Fig. 1, Table 3).
According to increases in evaporative demand, tree transpiration
also augmented for both tree species stands at increasing climate
change severity, although sensitivity of European ash's transpiration to
increasing VPD and reducing soil water availability was higher (Fig. 7).
This indicates a stronger water limitation on European ash transpiration
at increasing climate change severity, either by low soil water avail-
ability or by increased VPD. Contrastingly, black locust presents a more
profligate water use strategy at increasing climate change severity. Yet,
this profligate water management of black locust is mostly explained by
its ability to mobilize water from groundwater level (see below).
In addition, sharper WUE increases for European ash (Table 3) might
be indicative of a more conservative water management strategy of this
tree species as aridness increases. Similarly, increases in WUE in other
water-limited tree species have already been reported (e.g. Yu et al.,
2008; Drake et al., 2017; Salazar-Tortosa et al., 2018). Considering that
European ash's population is currently growing at the southernmost
border of its European distribution in the La font del Regàs stand, and its
inability to obtain water from other sources rather than vadose soil layer
(Poblador, 2018), even in comparable humid environments such as the
Rhoyne river floodplain (e.g. Sánchez-Pérez et al., 2008; Singer et al.,
2014; Sargeant and Singer, 2016), our results suggest that this tree
species endurance might be threatened in La font del Regàs stand under
worst-case climate change scenarios. Furthermore, additional research
should be focused in Mediterranean riparian tree species' responses to
climate change. Especially, comparative analysis of different Fraxinus
species with contrasting geographic distributions due to differences in
optimal temperatures (e.g. F. excelsior and F. angustifolia), may enlighten
how climate change would impact riparian forest community, and which
tree species are better adapted to withstand its impacts.
4.3. The adaptive facultative-phreatophytic behavior of black locust
Our simulations indicate that black locust trees mobilized a median
of ca. ~ 10% of its daily transpiration from underground flow during
spring and autumn, under elevated SWC (Fig. 5). However, under-
ground flow water uptake increased for black locust up to almost
a ~ 20% of daily transpiration during dry season, which indicates an
increasing importance of phreatic water availability as soil dries in
order for black locust to maintain its transpiration (Fig. 5). By “in situ”
isotopic partitioning of black locust's wood water sources, Poblador
(2018) already described that during summer black locust almost
doubles the amount of water extracted from the phreatic compartment.
At increasing severe climate change conditions, the ability to mobilize
water from underground flow will become more and more crucial for
black locust, as it will increase its dependence on underground flow to
maintain its profligate water use in La font del Regàs stand and in
comparable humid Mediterranean environments. On the other hand,
European ash's water uptake has been described to be closely related to
SWC within first soil layers (e.g. Sánchez-Pérez et al., 2008; Singer
et al., 2014). Moreover, Poblador (2018) reports close to zero phreatic
water uptake for European ash trees in La font del Regàs stand. So,
under future drier soil conditions, we should expect that European ash
performance will become more limited by soil water availability.
4.4. Projected growth performance for black locust and European ash
Our results suggest that global warming and increasing atmospheric
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CO2 concentration will enhance black locust growth performance in
Mediterranean riparian forests. We identified as the main reason for
this increase the lengthen of black locust vegetative period, combined
with an increase on its mean daily GPP (see results Section 3.3). This
fits with the fact that black locust potential distribution has been
identified to be temperature-limited in moist environments across
Europe (e.g. Kleinbauer et al., 2010; Gassó et al., 2012; Vítková et al.,
2017; Dydersky et al., 2018). Additionally, advances of tree leaf unfold
in many deciduous tree species all across Europe have been previously
reported (e.g. Carnicer et al., 2011; Bigler and Bugmann, 2018). Also,
our findings of increased growth for black locust under climate change
are consistent with the ones reported by Dydersky et al. (2018), who
classified black locust as a “winner” tree species under RCP4.5 and
RCP8.5 climate change scenarios. Similarly, Vilà et al. (2012) also
projected an increase in black locust potential distribution in Iberian
Peninsula as temperature rises. On the other hand, Dydersky et al.
(2018) also classified European ash also as a “winner” tree species in
the Nord-Eastern Iberian Peninsula, even accounting that it is currently
growing at its southernmost distribution margin. This may be generally
so considering the high degree of uncertainty associated with European
ash's projections. However our results indicate that black locust would
likely benefit more than European ash from climate change in NE Spain.
4.5. Forest management implications of black locust growth enhancement
Once black locust has established, it is difficult and expensive to
remove through forest management (Andreu et al., 2009). A known
weakness of black locust, however, is that it doesn't regenerate well
under closed canopies (Boring and Swank, 1984). For example, it
naturally disappeared in an Italian forest (Motta et al., 2009) when
closed canopies suppressed black locust regeneration.
Given our results, which suggest an increasing invasion potential of
black locust under climate change, we therefore suggest to avoid es-
tablishment of black locustin the first place, both by not using in
plantations, and by avoiding thinning or clear-cutting techniques that
would open up gaps in the canopy that favor black locust establishment
(e.g. Kurokochi et al., 2010; Kraszkiewicz, 2013; Radtke et al., 2013;
Vítková et al., 2017). Aggressive management practices in the sur-
roundings of Mediterranean streams, for instance fast-rotation poplar
plantations for paper pulp extraction, should also be limited. Those
management practices leave wide open environments after clear-cut-
ting, environments that are ready for black locust to establish and
proliferate.
4.6. Applicability and limitations of the model
A limitation of the present study is that the observed data used to
calibrate GOTILWA + model were obtained for only one year, and it
didn't contain a situation where black locust had to deal with a serious
water deficit during summer. Drought-tolerant behavior has been de-
scribed for black locust when this tree species is not connected to un-
derground flow (e.g. De Gomez and Wagner, 2001; Mantovani et al.,
2014; Moser et al., 2016). The absence of calibration data on this be-
havior makes it difficult for us to evaluate the ability of our model to
properly reproduce responses of black locust's productivity under water
limitation, or in scenarios where phreatic water table would not be
reachable.
Another assumption of the present work is that physiology, in par-
ticular GPP, is a good proxy for fitness, population growth, and range
dynamics of a species. In general, it is reasonable to assume that a
species that increases its productivity compared to a competitor would
be able to translate this into population growth and an expansion of its
distribution, but there are a wide range of biotic and abiotic stressors
that could limit tree species growth despite gains in productivity [e.g.
photosynthesis acclimation to changes in growth temperature or
growth CO2 concentration (see Ryan et al., 1991; Crous et al., 2011;
Ellsworth et al., 2017; Kumarathunge et al., 2018; Reich et al., 2018),
changes in pests and pathogens disturbance regimes (eg. Raffa et al.,
2005; Seidl et al., 2017), seed dispersal capacity, regeneration poten-
tial, or inter-specific interactions (e.g. Caplat et al., 2008; Oliver et al.,
2015; Serra-Díaz et al., 2015)]. On the other hand, nitrogen availability
has been described to limit CO2 fertilizing effect on photosynthesis in
several FACE experiments (e.g. Nowak et al., 2004; McCarthy et al.,
2010). Being black locust a N-fixing tree species, we hypothesize that if
photosynthesis down-regulation was taken into account, black locust
would still profit more than European ash from increases in atmo-
spheric CO2 due to a higher N availability.
We therefore interpret our results as an evidence about a better
growth performance of black locust compared to European ash under
climate change, however, with considerable uncertainty due to other
biotic and abiotic processes not accounted in GOTILWA + model. This
non-accounted processes could modify specific growth performances
for the two tree species when cohabiting in the same environment, so
further analysis should be required to understand how inter-specific
interactions would affect the results here presented.
5. Conclusions
Our results suggest that black locust would profit more strongly
from climate change than the native European ash. The reasons are a
combination of an extended vegetative period under climate change,
together with an increase in daily photosynthetic carbon uptake. We
also found that black locust performance in La font del Regàs stand is
closely linked to its ability to obtain water from the phreatic water
compartment. However, our findings of enhanced black locust growth
under climate change are likely only valid if underground flow is kept
accessible for this tree species. Oh the other hand, European ash's re-
sponses to climate change are more uncertain, mainly because in-
creased [CO2] and enlarged LGP beneficial effects are projected to be
offset by reduced water availability for this tree species during a longer
fraction of its vegetative period. We therefore conclude that reductions
in soil water availability would present a more negative impact on
European ash growth than in black locust, as European ash's is more
dependent on unsaturated soil water availability.
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